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NOTICE J

This report was prepared as an account of Government sponsored

work. Neither the United States, nor the National Aeronautics I
and Space Administration (NASA), nor any person acting on

behal f of NASA:

A.) Makes any warranty or representation, expressed or I
implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this

report, or that the use of any information, apparatus,
method, or process disclosed in this report may not I

infringe privately owned rights; or

B.) Assumes any liabilities with respecT"to the use of, I
or for damages resulting from the use of any infor-

mation, apparatus, method or process disclosed in

thi s report. I

As used above, "person acting on behalf of NASA" includes

any employee or contractor of NASA, or employee of such con-

tractor, to the extent that such employee or contractor of NASA, I
or employee of such contractor prepares, disseminates, or

provides access to, any information pursuant to his employment

or contract with NASA, or his employment with such contractor. I

I
Requests for copies of this report

should be referred to: I

National Aeronautics and Space Administration

Office of Scientific and Technical Information
Washington 25, D.C. I

Attention: AFSS-A
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SUMMARY

In this quarterly report, design manuals and Fortran computer programs

are presented for the following AC generators:

i. Two-Coil, Inside-Coil Lundell or Becky-Robinson Generator

2. Two-Coil, Outside-Coil Lundell

3. Single-Coil, Outside Coil Lundell

4. Rotating-Coil Lundell (Automotive Type)

5. Inside-Coil, Stationary-Coil Lundell.

Design manuals without computer programs are presented for:

1

7.

8.

PermanentS-Magnet AC Generators

Homopolar Inductor AC Generators

Disk-Type or Axial Air-Gap Lundell Generator

An equivalent circuit representation of synchronous AC generators is

published with a discussion of its development. /_
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INTRODUCTION

This study is sponsored by the National Aeronautics and Space Adminis-

tration under Contract No. NAS3-2783.

The objective as set forth in the NASA work statement introduction is" ---

"To advance the technology for the brushless types of rotating electrical

generators, specifically for space auxiliary power plants."

A further objective of this study is to provide tools that will allow the

reader to select the best generator for a specific application, to cal-

culate the design performance, and to evaluate any contemplated changes

in design parameters or materials.



WORK BEING ACCOMPLISHED

Complete design manuals and computer programs are being written

for those brushless AC generators that are believed most likely to

be considered for space applications and for ground-based applications.

This approach to the study was taken rather than to reject all but two

or three generator types on the basis of a superficial examination.

Each of the machines presented in this study are considered to have

an application area.

In the first quarterly report, design manuals for wound-rotor, salient

pole and nonsalient pole generators were published with a Bell computer

program for the salient pole generator. Derivations for most of the

design formulae were given.

In the second quarterly report, a Fortran computer program for wound

pole, salient pole generators was published with the design manual for

that generator. The design manual without the computer program was

published for the two-coil inside-coil Lundell or Becky-Robinson gen-

erator.

Discussions on length-to-diameter ratios, pole-face losses as design

limits and motoring capabilities of salient pole generators are also

given in the second quarterly report°
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In this, the third quarterly report, Fortran computer programs and

design manuals are published for the following AC generators:

1. Two-Coil, Inside-Coil hmdell or Becky-Robinson Generator

2. Two-Coil, Outside-Coil I_nndell Generator

3. Single-Coil, Outside-Coil Lundell Generator

4. Rotating-Coil Lundell (Automotive-Type) Generator

5. Inside- Coil, Stationary- Coil, Lundell Generator

Design manuals without computer programs are published for:

6. Permanent-Magnet AC Generators

7. Homopolar Inductor AC Generators

8. Axial Air-Gap Lundell Generators

The last three design manuals are to be programmed in Fortran for

the final report. And, in addition, a program for Induction generators

will be included if time on this contract permits.

Because of the general and widely understood use of the term Lundell,

all of the generators discussed in this study that have claw-type or

interlocking, finger-type poles are called I.nndell generators. To

most engineers, the name hmdell describes the rotor pole arrange-

ment. In this report, there is no other basis for the use of the name.
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THE NEXTREPORT

The next report is the final report, to be issued in October, and it

will consist of two parts. The first part is generator selection cri-

teria and the second part is the electrical design section.

In the first section, the selection criteria, comparison data will be

published. Such data will be weight and physical size comparison,

evaluations of rotor dynamics, suitability of the various types of gen-

erator rotors for use with gas or liquid bearings. Thermal equiva-

lent circuits are to be published in the selection section also.

The second section of the final report will contain the generator design

manuals with the Fortran computer programs and the synchronous

generator equivalent circuits.

An appendix will be published containing the small studies, discussions

and derivations that support the rest of the study.

For each generator design manual, a general approach to the start of

a generator design will be provided. It will be similar to that provided

for permanent magnet generators in this third quarterly report.

this general approach, the user must select the various design

parameters himself. The user of these programs should have some

familiarity with AC machine design.

Beyond
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A person unfamiliar with electrical machine design would benefit from

a synthesis program that selected the design parameters for the de-

sign program inputs, but the time available on this contract does not

allow its development.
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The design manual has been arranged as a computer program and

the sequence of calculations results from storage limitations of

the smaller computers (1620).

A number is assigned to a symbol and maintained throughout all of

the manuals presented in this Quarterly Report. Where the symbol

is not used in a particular manual, the symbol and corresponding

number are omitted entirely from the manual.

The symbol number in brackets wherever found means the symbol

and not the value of the number itself. Numbers without brackets

are numerical values.

A symbol list with corresponding design manual calculation numbers,

Fortran program symbols and the definition of the symbols is given

at the beginning of the manual.

The design equations in the manual are written with symbols and are

repeated with the bracketed numbers that locate the symbol definition

in the symbol list.

Following the design equations, the Fortran program is published

with the same identifying equation numbers found in the design

manual.

f

.J



NOTE ON WINDAGE CALCULATIONS

In each design manual there is a statement to the effect that there

is no known satisfactory method of calculating windage. That, of

course, is open to challenge and probably should read "we know

of no .... . . . .". The formula given is crude and is only in-

tended for use in standard air.

For gases or fluids other than standard air, the fluid density and

I

I

I
I

I
I

viscosity must be considered. The formula given in the manual

can be modified by the factors

where

.2

= density- Lbs Fr -3

= viscosity LBS Fr -1 HR -1

.0765 = density std. air

• 0435 = viscosity Std air

The above relationship can be arrived at by referring to Shepherd

I _. 2 and the loss is a function of
1 C

(R e )

I for a fixed velocity and fixed dimensions.

gas other than standard air, since R e -

• .2

I _--_r" ir

"Principles of Turbomachinery", Macmillan Pub. Company. See

page 152. The friction factor for turbulent flow is a function of

.2 times a constant

The correction for a

, would be
U

or

.2
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INSIDE-COIL, ROTATING-COIL LUNDELL GENERATOR

The Lundell generator with rotating coil is the generator used for

years on automobiles, trucks and busses. To make this generator

brushless, an exciter and rotating rectifier must be used. It is a

basic generator design and for that reason it is included in the

study.

Except for a difference in rotor leakage permeances, calculations

for the rotating coil Lundell are similar to those of the wound-pole

salient-pole generator.
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The flux circuit of the inside rotaLmg coil Lundell A.C. generators look

like this:

Fstator

Frotor

Fstator

Fcoil Frotor

Fgap

The rotor flux circuit mmf drops and leakage flux looks like this:

Fgap Fgap

Leakage

Fpole Fpole

_rotor t__Fcoil

Fend-plate Fend-plate



And for the entire machine, the flux circuit looks like this:

Fpole

Fend-plate

Fgap Fteeth Fcore Fteeth Fgap

L 1

Fsh_t Fshaft

2 2

Fpole

Fend-plate
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The design manual has been arranged as a computer program and

the sequence of calculations results from storage limitations of

the smaller computers (1620).

A number is assigned to a symbol and maintained throughout all of

the manuals presented in this Quarterly Report. Where the symbol

is not used in a particular manual, the symbol and corresponding

number are omitted entirely from the manual.

The symbol number in brackets wherever found means the symbol

and not the value of the number itself. Numbers without brackets

are numerical values.

A symbol list with corresponding design manual calculation numbers,

Fortran program symbols and the definition of the symbols is given

at the beginning of the manual.

The design equations in the manual are written with symbols and are

repeated with the bracketed numbers that locate the symbol definition

in the symbol list.

Following the design equations, the Fortran program is published

with the same identifying equation numbers found in the design

manual.

I
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MODEL

Ntst

GENERATOR KVA

LINE VOLTS

PHASE VOLTS

PHASES

FREQUENCY

POLES

RPM

_PHASE CURRENT

POWER FACTOR

ADJ. FACTOR

OPTIONAL I-OADPOlN'lr"

STATORI.D.

STATOR O.D.

GRC; _ -'ORE LENGTH

NO. G? DUCTS

WIDTH OF DUCT

STACKING FACTOR (STATO,_I

WATTS/LB.

DENSITY

TYPE OF SLOT

SLOT OPENING

SLOT WIDTH TOP

SLOT WIDTH

SLOT DEPTH

NO. OF SLOTS

TYPE OF WDG.

TYPE OF COIL

CONDUCTORS/S LOT

SLOTS SPANNED

PARALLEL CIRCUITS

STRAND DIA. OR WIDTH

L.uMrU i ,...i_. h.,'L.,J_i_

EWO

./if3

3.0

1200 .

_.0

d.O

J.O

DESIGN NO(l)

0.0

0.0

STRANDS/CONDUCTORI. _E_r,
iSTRAND-S_CONDUCTo_R_.......

STATOR STRAND T'KNS.

DIA. OF PIN

COIL EXT. STR. PORT

UNINS. STRD. HT.

DIST. BTWN. C L OF STD.

PHASE BELT ANCnLE

STATOR SLOT SKEW

STATOR TEMP °C

RES'TVY STA. COND. @20" C

./ViAl M GAP _

./

/.3
d.O

0.0

./6 O.o

.zs"

,2o._ o

8.0 SqD

_lNl-'u i )

RATIO MAX TO MIN OF FUND

WINDING CONSTANT

POLE CONSTANT

END EXTENSION ONE TURN

DEMAGNETIZAT_N FACTOR

CROSS MAGNETIZING FACTOR

POLE EMBRACE

WIDTH OF POLE (NARROw'

WIDTH OF Po_..E (w.pE

Pou_.TWI_cNE_ (_Row ewe

Poc_ _lc_cwesS (wlol[ ENo_

ROTDQ. p,_mc--r_

VJEIGHT oF I_r_R IRd_l

PQL_ FAC.I_" LOSS FACII'OR.

FLU[ IPt.A_llET_IcKNESS

FLux PL_T_.. DI/_I_ETER,

SIIAFr O.I). {FLUt_ CAR_YIN(1

¢a_AFT L_611_ (FLIJI[ e/_R¥1=l_ R=eT)

PIE_ZM OF L_f, IE PARR, 3.

Pr_ oF L_,_A_E P_TH 3

__._RiH OF LEAK4GE fArll

OUTSIDE DIAMlellT:I_ OF FLD

LENGTH DF FIEU_ Cert.

WO. _F F,_ELC Tli_L'c/CO_L

MEAN LENGTH OF FLD. TURH

_._'_" ,0_17 FLD. COND. DiA. OR WIDTH

_. 0 FLD. COND. THICKNESS

__.2, FLD. TEMP IN °C

3.b

/.0

O.O

0.O .:
&o.O

O. 0

;zZ.O

IS"

RESISTIVITY OF FIELDCONDc_20 °

NO LOAD SAT.

FRICTION & WINDAGE

•_TATOR LAM

/V'lA'l" e _ I A L

-SHAFT M,_T'_e-I_'E

STATOR SLOT

DAMPER SLOT

POLE

REMARKS

I/I
I-
x
<
I-
VI

z
o
u

O
t-
O

,,(

I-

m
I[

}

_i
W

U.

.J

DESIGNER DATE



KOTAT!NG
SUMMARYOFDESIGN

MODEL NO. --

SOLID CORE LENGTH

24) (hc) DEPTH BELOW SLOT

(26) (7"=) SLOT PITCH

(27) (Tsl/3) PITCH 1/3 DIST. UP

(Ksk)

e,, (45) _e )

o (ac)
1-
<1(47) (Ss)

_/(49) (_t)

SKEW FACTOR

DIST. FACTOR

PITCH FACTOR

CONDUCTORS

CON D. AREA

CURRENT DENSITY

AN TURN

COLD'STA. RES.@20°C

RES._X°C

55) (EFt.p) I EDDY FACTOR TO_

(EFb, EDDY FACTOR BOT

STATOR COND. PERM.

END PERM.

[65)_ ) WT. OF ETA COPPER

WT. OF ETA IRON

COIL LUNOELL

CALCULATIONS

EWO

.39200

.37000
041893
.45095

1.00000
1000000

.99999
359.99999

000202
41 95080000

3.28130
.13411
.13553

1000000
1000000

15o81900
23005200

076815
1,39040
1,25680

DESIGN NO.

lo17
002341

1. 18089
0487O1
0786 20

2.88137
082601

(OUTPUT)

CARTER COEFFICIENT

EFFECTIVE AIR GAP

MAX TO FUND.

WINDING CONST.

END. EXT. ONE TURN

_EMAGNETIZING FACTOR

,70000 CROSSMAGNETIZINGFCTR
202089000 AMP COND/IN

.24469 REACTANCE FACTOR
9051153 !LEAKA_E REACTANCE

26.0163 9 REACTANCEDIRECTAXIS
18067168 REACTANCEQUADAXIS
35.52793
28 o183 22 SYNREACTOUADAXIS
12. 90321 FIELDI.EAKAfiEREACT

.283 14 FIELDSELFINDUCTANCE
22.41474 UNSA-:rITRANS.REACT
19. 72497 SAT TRANSREACT
23 95410 NEGSEQUENCEREA

7:21107

(71)

72)

(73)

(48)

(C1)

006812 OPEN CIR. TIME CON:T

.00167 ARM TIMECONST.
003782 TRA.S TI_E CONST.

zoo.OO OO; co,..
-7.70 "r-_'v-_._ TOTAL FLUX

19.6 1926 FLUX PERPOLE
_9,64538 .GAP DENSITY (_lulAl_)

80011422 TOOTHDENSITY
67.63398 CORE DENSITY

5. 92965 TOOTH AMPERE TURNS

(m=..-)0z_) F,eo vocrs
LWQ__(,_9_STA_o_ toss
(wr..,/_r_)ST*.ToO_ Loss

..--L-.-___.__(w_)_ow Loss

(Cw)

(Cp)

(_z_) (A)

(LE)

t

(_3) (Bg)
( _0, (B;)__

(97) (F;)

2.2724.8 CORE AMPERE TURNS (98) (Fc_)

364.3/+000 GAP AMPERE TURNS (_,A_W__ [_,_) (F_I

100

. 19.458
39.980
114,230

92.272
975.870

_ 1.807
_2290.900

70591
140790
15.241
290376

0000
40443
13,717

2.071
790640
63.356

150

210397
42,3_8
121 ,ouo

98.072
1079.900

10999
253 5, 1O0

80400
14.790
15.585
4.4,064

.000
4.737

160799
20071

98.047
67.810

200

23.514
44. 987

128.53 0
104.430 ....

1202.100.
20226

2822.1 O0
9.351

14.790
16o067
58.752

.000
5.148

20.818
20O71

117.647
7O0O67

II
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ROT/_TtNEi COIL LUNDELL
NO LOAD SATURATION OUTPUT SHEET

ITEMS

P

III
I

_IE_.
I,o,,

L,,

,|
130_

|-
140_.

I
I

ir °_

I

I

I

(5)(E-)
VOLT}

(,too) ¢>Jz_
I LF._I</_GI_ FLUX

80400O0
12 o78488

9045000
14.424-47

10050000
16.12287

(91) B_
STA- TTO0_, 0_$ t'Pt

64009120

28,48008

":20 10260
32008157

800 1140o

35074187

(97_F,
5TA't'O_ TOOTH N_

(_o3)Bp
PoI.JE DIENSI Ty j

2061187
81037167

3.6 9744
91066163

5092965
102.11965

(94-) Bc

STA, CORE DE_NSI_'/

(,104-) Fp

pOLE N._.

54010640
9.15131

60086970
11009352

67063300
13081693

(98) F_
_'l_./..oRl_ H.E.

(,,9)Bs.
SHAFT DENSlP/

1052916
65035558

1069459

73063658

2027247
82007139

291047200

632070592

327090600

715036887

364034000

802076323

11. 55000
170 96178

120600001
20040666

13065000

23088673

88.1254O
3 9054268

96013680
43 o 94946

104014820
49039143

MACHINE SATUFATED

11021135
112.97910

29.56791
125.56989

70011762
141011838

74039630
19028361

81015960
29002051

87092290
74088013

3.04741
90088458

4074919
I01023533

8017752

114057216

400077400

9o4.1033 5

437020800
1045. 17030

473064200

1319053710

I



INPUT PARAt'IETERS 1

.153 I0o5 6. 3. 120. 12.

O. 4°8 6.64 ol_

o I o 16 .16 ,25 .205 o015

o015 36o I. I0o

1o oo .25 o25

.020

.I .25 °4 4°76 1.7

°03 17 22. o69 I.

1200o

o98

.52

3o

60.

07

038

3o8

8.5

15o

lo

.76

3.2

1.

.9

77°4

.0508

22o

.5

1088

540.

O

3o

055

1.

.69

lo4

1o3

8o8
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SATURATION CURVE VALUES (STATOR MATERIAL)

140. 10. lo 38. 1.9 59.

308 75. 7.6 86. 16. 930

35. 100. 90. 107. 160. 118.

23 O. 140. 950.

SATUPA.TION CURVE VALUES

150. 3. 340

16 . 85. 24. 103 .

70° 137. 130. 145.

600, 150. 1500.

SATURATION CURVE VALUES

(POLE MATERIAL)

10. 57.

35, 125.

260, 148.

15o, o. 3.

16. 85. 24.

70. 137. 13o.

6o0, 150. 1500.

(YOKE MATERIAL)

34. 10. 57,

103. 35. 125.

145o 260. 148.



INSIDE-COIL, ROTATING-COIL, LUNDELL, A. C. GENERATOR

Calculation Electrical Fortran

Number Symbol Symbo 1

A,a

(128) A A

(46) a c AC

(79) ap AP

B,b

(20) B BE

(22) b o SO

(94) B c, BC1

(95) Bg, BG1

(76) bpl BP1

(76) bp2 BP2

(103) Bp BP

(l13b) Bpl BPL

(22) b s BS

(113) BSH BSH

(232) BSH L BSH L

(57a) bt 1/3 SM

(91) BT, BT1

(57) btm TM

Explanation

Ampere conductors per inch

Conductor area of stator winding

Pole area

Density

Width of stator slot opening

Stator core density N. L.

Main air gap density (N. L. )

Width of pole at end of stator stack

Width of pole at end of stator stack

Pole density

Pole density under load

Stator slot dimension per Fig.

Shaft density

Shaft flux density under load

Stator tooth width 1/3 distance

from narrowest end

Stator tooth density (N.L.)

Stator tooth width 1/2 distance

from narrowest end

I

I
I

I
I

I
I

I
I

I

I
I

I

I
I

I
I

I



I

!

I Calculation Electrical Fortran

Number Symbol Symbol

I (15) bv BV

I

I C, C

I (32) c C

(71) C 1 C1

I

I (74) C M cM

(73) Cp CP

(75) Cq CQ

I (72) C w CW

D, d

I (12) D DU

I (11) d DI

(35) db DB

I (78) dfp D FP

I (78) doc DC1

(lla) d r DR

I
(78) d s DS1

I

I

I

Explanation

]Radialduct width

Parallel paths

Ratio of maximum fundamental
of field form to the actual maximum

of the field form

Demagnetizing factor

Pole constant

Cross magnetizing factor

Winding constant

Stator lamination outside diameter

Stator lamination inside diameter

Diameter of bender pin

Diameter of flux plate

Outside diameter of coil

Outside rotor diameter

Outside diameter of shaft



Calculation

Number

(3)

(55)

(56)

(238)

(1275)

(4)

(5a)

(98)

(236)

(96)

(127)

(104)

(98a)

(180)

(233)

(97)

(183)

Electrical

Symbol

E

E FT O P

E FBO T

E
FFL

EFNL

EpH

f

F c

FFL

F
g

FN L

Fp

Fs

FSC

FSHL

F T

F&W

Fortran

Symbol

E, e

EE

ET

EB

EPFL

EPNL

EP

Explanation

Line volts

Eddy factor top

Eddy factor bottom

Full load field volts

No load field volts

Phase volts

F_ f

F

FC

FFL

FG

FNL

FP

FS

FSC

FSHL

FT

WF

Frequency

N.L. stator core ampere turns

Total full load ampere turns

N.L. main gap ampere turns

Total no load amppre turns

Pole ampere turns

Stator ampere turns

Short circuit ampere turns

Ampere turn drop in shaft under

load

N.L. stator tooth ampere turns

Friction and windage

I

I
I

I
I

I

I
I
I
I

I

I
I

I

I

I
I

I

I



Calculation
Number

(59)

(69)

(24)

(38)

(39)

(237)

(127a)

(8)

(182)

(241)

(194)

(245)

(19)

(9a)

(43)

Electrical

Symbol

g

g,,

h
C

hST

hs T

IFFL

IFNL

IpH

12 R F

12R Ft.

12R

12R t.

k

K
C

K d

Fortran

Symbol

a,g

GC

GE

H,__ h

HC

SD

SH

AIFL

AINL

PI

FEL

FCUL

PS

$CUL

K,k

WL

CK

DF

Explanation

Main air gap

Effective main gap

Depth below slot

Distance between center line of

strand in depth

Stator coil strand thickness

(largest dimension)

F.L. field current

N.L. field current

Phase current

N.L. field coil loss

F.L. coil copper loss

N.L. stator copper loss

F.L. stator copper loss

Watts/lb core loss

Adjustment factor

Distribution factor



Calculation
Number

(63)

(16)

(44)

(67)

(42)

(2)

(61)

(13)

(76)

(48)

(36)

(161)

(76)

(17)

(78)

(49)

(147)

Electrical

Symbol

Ke

Ki

K
P

K s

KSK

KVA

KX

co

L E

_e2

L F

_s

_t

tf

Fortran

Symbol

EK

SF

CF

CC

FS

VA

FF

L, 1

CL

ALCO

EL

CE

SI

ALP

Ss

AI__I-I

HM

FE

Explanation

Leakage reactive factor

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Generator rating

Factor to account for difference

in phase current in coil sides in
same slot

Gross core length (stator)

Length of coil

Stator coil end extension length

Coil extension beyond _are

Field inductance

Length of pole

Solid core length

Effective length of shaft

1/2 mean t.rn (stator coil)

1/2 mean turn of field coil

I

I
I

I
I

I

I
I
I

I
I

I
I

I

I

I
I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation

Number

(5)

(146)

(45)

(30)

(34)

(34a)

(14)

(6)

(9)

(80)

(81)

(82)

(83)

(84)

(86)

Electrical Fortran

Symbol Symbol

M_ m

m PN

N, n

N F PT

ne EC

n s SC

NS T SN
!

NS T SNI

nv HV

p,p

p PX

PF PF

P1 P1

P2 P2

P3 P3

P4 P4

P5 P5

P7 P7

Explanation

No. of phases

Field turns per coil

Effective conductors

Conductors per slot

Strands per conductor in depth

Strands per conductor (total)

Radial ducts

No. of poles

Power factor

Pole head end leakage permeance

Pole head side leakage permeance

Pole body end leakage permeance

Pole body side leakage permeance

Field coil leakage permeance

Stator core to coil yoke leakage

permeance



Calculation

Number

(23)

_25)

(154)

(155)

(7)

(53)

(54)

Electrical

Symbol

Q,q

Q QQ

q QN

R, r

Rf(cold) FK

Rf(hot) FR

RPM RPM

RsPH(cold ) RG

RsPH(hot) RP

S, s

•(181) SCR SCR

(127c) S F CD

(47) SS S

T, t

(177) T a TA

t

(178) T d T5

(176) Tdo TC

??

(178a) T d T4

(78) tfp TFP

(76) tpl TP1

(76) tp2 TP2

Fortran

Symbol Explanation

No. of slots

Slots per pole per phase

Cold field resistance at 20 °C

Hot field resistance at X oc

Revolutions per minute

Stator resistance per phase at 20 °C

Stator resistance per phase at X °C

Short circuit ratio

Current density in field conductor

Current density in stator conductor

Armature time constant

Transient time constant

Open circuit time constant

Subtransient time constant

Thickness of flux plate

Thickness of pole at end of stator

Thickness of pole at end of stator

I

I
I

I
I

I

1
I

I

I
t

I
I

!

I

I

I

I

I



!

!

I Calculation Electrical Fortran
Number Symbol Symbol

I V,____yv

I (145) V r VR

W, w

I (185) W C WQ

I (186) WNp L WN

(243) WpF L WNL

I (242) WTF L WTFL

I (184) WTN L WT

X, x

I (129) X XR

I (131) Xad XD

(132) Xaq XQI
(167) X d XS

I (/3_) Xd XA

!

(166) Xdu XU

I (160) X F XF

I (150) Xf °C T2

I (130) X g XL

I
(134) Xq XB

I

I

Explanation

Peripheral .speed

Stator core loss

N.L. pole face loss

F.L. pole face loss

F.L. stator teeth loss

N.L. stator teeth loss

Reactance factor

Reactance direct axis

Reactance quadrature axis

Saturated transient reactance

_VMCN_oMOU% _..EACT_Nt_E_Ip-_cT A_,S

Unsaturated transient reactance

Effective field leakage reactance

Expected field temperature at full
load

Leakage reactance

Synchronous reactance quadrature
axis



Calculation

Number

(50)

(170)

(172)

(31)

(207)

(9_.)

(213)

(41)

(26)

(40)

(27)

(64)

(160c)

Electrical

Symbol

X s °C

X 2

X o

Y

_7L

PL

_T

_-p

"/'SK

7"s1/3

Fortran

Symbol

TI

XN

XO

Y, Y

YY

_-7

FQ

oFQL

TG

3-

TP

TS

SK

TT

A

EW

FL

Explanation

Stator expected temperature at F.L.

Negative sequence reactance

Zero sequence reactance

Throw or coil span

F.L. leakage flux in Path 7

Flux per pole N.L.

Flux per pole F.L.

Total flux N. L.

Pole pitch

Stator slot pitch

Stator slot skew

Stator slot pitch 1//3 distance from

narrowest section of tooth

End winding permeance

Rotor leakage permeance

I

l
I

I
I

I

I
I
I

I
I

I
I

I

I

I
I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation
Number

(151)

052)

(51)

Electrical

Symbol

]Df (hot)

P

Fortran

Symbol

RR

RS

Explmm_

Resistivity of field conductor at
20 °C

Resistivity of field conductor at
expected temperature at F.L.

Resistivity of stator winding at 20 °C



(0,) Open Slots (,b) Constant Slot Width

ht t

_bs

hs

ho

ht _

hw

h-b" ---I

J_$

I
I

I
I

I
I
I

(C) Constant Tooth Width (d) RoundSlots

hs 4

2// '/'_,
bz ----

b 3 _-

h_

- h s

1

I

I

I

I

FiG 1 i



I

I
I

I
I

I
I

TABLE-1

I



TABLE oVALUES OF Kdn FOR INTEGRAL-SLOT, 3_ WINDINGS -

)'c. I(d n - HAR, MoNIc DIS"r'R=Burlo_J F',4CToR_
L_

i ._(,6 .q6o .q_J8 .q57 .qs7 .9_;7 .qf6 .qF_ .gsS .qf_

3

.5"

7

?

II

13

15"

17

.707

• 2S'9

-. ZSq

- . 707

- .966

- •'766

- . 707

.667

.2t7

- .177

- • 333

- . t"z?

.:z,7

• 667

._s,/.

• Zog

• 270

• ,26

•Iz6

• Z70

• 2.00

- . Igq

-. 2q7

- .IJo

IOZ

• 2.0o

• d,_4

•/¢7

• 145

• 2_6

• IOZ

.g4Z

• Iqf

- .143

• os6

•/58

. MII

• /q4

-" . 141

•/_o

•640

-. i4o

- .2.2Z

-. oq3

• 081

• 145!

• 639

•/q3

-. 14o

- .2ZO

-. oqz

.079

.14l

•_6

.19t

• 087

.o73

.tZ7

- .ZSq .q6o .1_8 .IOz .o8=/ .075" .o7o .o66 .o64, .0,96

Ic_ .2_ct .g&O -- .2.0_ -- . /10 - .O_j/. - .072, - .066 - .06Z - . 060 - .0._

2,1 .707 .667 - .&54 - .247 - .172. - . 143 _ -- • /Z7 _ .118 - .IIZ _ .091

23 .966 .Z,7 - .95'8 - ./4<71 - .09Z - . 07Z -- .0(,3 - .057 -- .O£_Z - .04/

• 075

• 158

- .1,77.96625 .200

• 6q6

•q57

• oE3

•/Z7

•066

O7O.q_

27

z9

31

.7o7

• 29q

• qs8 • oSf)

.111

•os'6

- .057

•/02.

• z_(,

• 145"

.197

,2o9

•/_g

• O_cZ

.I01

• O5O

-- .OS'O- .as9

- . 333

- . ,77

.o3'8

• 07/

• 033

-. o31• 7.t7

• 086

-. Oq7

33

3f

37

41

43

45

47

4q

51

53

55

- . 70'/

57

,S'q

,,/3

- ._6

- •966

- . 7o7

-. zs9

• 259

•707'

.667

• 960

•960

.697

Zl7

-. 177

- .333

• Z7o

.126

- .,z6

-. 270

- . 1=.;8

• 2oF

,6q6

• 200

- .t49

- .Z47

- .110

• IOZ

• zoo

-. zz9

-. 1¢3

• 19S

• g4z

.9S7

•957

•69z

- . 15"O

-. 083

•oqs

.ZZS"

,t41

- .644

- . c/$7

-, q57

-. 6q_

- .197

./q5

.z_6

• 1oz.

- . ogz

- .17Z

-. 084

• 08_

• tlz

• 092.

- .toz

-. z36

-. t,_s

-. 194

-. 118

- .o6z

• 066

• o81

-.093

- .2ZZ

-- . I01

- ,OEZ

• 6S_

.llZ

- .06o

-. 14t

- ,079

- oGR

- . dz7

• oz6

• oqg'

• oz3

-. oza.

- . o42

.f6g -. 1"/7 ./oZ •/q5 -. 956 --. 14o -. ozo

•_66 .217 .gsg - ./I0 -. 143 - .qs6 .i94 .oqz • o/q

.707 .667 ,65"4 - .247 .-- .zzq ", ,6ql .64o .Z_o .o38

• ZSq ,96o . ZoK -, 149 - . o97 -, 19_ ,gss .14o .0/8

-.Zs'9 .96o -.158 .2oo .o86 ./4z .955 -.t9:_ -.o_7

• 1_8 .zzs" .(4o -.6_9 -.o_3

• oTS .09_ ,194 - .?g._ -.o/6

- .oTz - .o83 - . 14o -.q_$

- .22Z

.667

.217

- . 707

-. 966

- . ZTo

-. 150

-. IZ6

.tz_;

- . 193

• 646

,q$7

._7

- .093

• q66- - . 177

- .7o7 -. 333 . Z7O .64.6 - . 143

-.2S9 - .177 .158 ..2oo - .OTZ

• 0/6

• 030

I
I

I



.0063

ROUND COPPER WIRE

"n"//_' 5,,,,Gee HE.v_' 5,,,,_e&_,ss

TABLE 3

266

B_e Wr 5,_ 6"c,oss

_=/1000' 51creole

36 •00_0 .00o0196 qZ_ • 0056 •oo60 .07_'7

35" .0096 .000oZ'./6 338 . Oo&z .0066 •oqq9

39 .0070 • 007,4

• oo8_

• 1201

• 1_;2633 .oo7!

' OOO03aZi•

. oo0o396 210 . o07q

4

5

3

2

'+/o

7

8
q

II •0907 .00650 1.28 .0927 .09¢*2-.. .0977 2#.90 •09_7 .oqsz

I0 . Ioz • 008,7 I.OZ .103el . I0_ . Io86/ 31.43 . IO6q • lOt/t4

ILl" • 0 (=,'f_ .O03ZZ 2.$8 .06_q .0673 .07_0 IZ.q_. .06qt .07/6

13 .07z .00_07 2.0'4 .0738 .07_3 • o78q t_.6q .0"77o • 079_

IZ

• 0'-/o3

•0q_;3

.oso8

• 0571

.08o8

.114.

•,zq

.I¢tq

.162

.,82

.2oq-

.229

.zg8

.3Z5 .o8_o .too

.365 •_o_ .O?q_
i

16

17

18

2.1 •028_/ .000638 13.0 •ozq9 .0310 .03qq 2.959 .0335" •0360

20 .03Z0 •00o8o_ /0.3 ,o339 •03_6 . o389. 3.099 .0370 ,o399

Iq .0360 • OqZ_

• 000507

• O0 IOZ

.O0,Z6

•00,59

.002o_

•00255

.OOS,S

.O,OZ

.o_3_

.0_6]

.OZ06

.0260

. O=JZ7

.Oq_Z

•0523

•025_422

23 •oz_6 20•7

16.°r

8./'4

5.ZZ

t6_

.8_

.63_t

• ElO

.'403

.3_q

•25'+

•ZoZ

• I_q

•000_o_

27 .O,_Z •0o0_58 52l(O .oJgz .0(6_ .0_96 .6_o| .O_7_t .O|qL_

2.6 .O|Sq . O00lq9 Q|.7 .O/6W .017_ .0209 I .7650 .Olql •02.11

2_ .O,79 .000251 _3.0 •OiqO .0200 •OZzq q .970 .0Z|i .023|

2@ .OZo_ .0003,7 26.Z o2#3 .0_23 •0263 l.z_] .025l .0276

.O|3E

.0238

.0266

•o37q

• o_,8

•0969

•052"4

•o_88

.0g_7

.1_65"

./3o6

• 1'_65

. _6,_]

• _8.2

28 • 000t25

.0,30

.0|'4'-I"

.02wq

.0277

.o386

.0_31

.oq8z

• 0_ 8

• 0602

.08_1

.1|81

•/_82

• 166,

•_86,

• 0|5"6

.0_69

.o289

.03|7

.0"468

.05_q

• 0_79"

•0639

.0877

.12Z_

./366

• 1529

.17o3

• _oz

.000|oozq • 8866

._8o6

I.Sq6

1.937

3.9oo

6.2_3

7. 9|z

987

Iq.76

39. 62

qg. 98

63. 03

79.'_V

/O0.Z

126.3

I_q.3

2o0.q

.OIW5

.0|58

• 02.76

• 0303

• o,+oq

• o'¢._3

• o_;o3

.O_S_

.06Zt

•o858

•120'-t"

.13_

•/_o3

• 1680

• _879

.2m3

. o_65"

.017_

.0_o|

• o32 8

.0"43_

• 09"78

.o928

• o983

• 06'_6

.o883

• 125'4

.13qS

./_'_3

.1730

•/qz9

.2_3

.0|z6 66.q

83.1.0,,3 .0122.

37.. .0080 .0oo05o3 165 .o088 . OOCB$ .0_2.! I937

31 .0089 .OOOO6ZZ 139 .0097 .O,Oq .0|30 .2398

30 •OIOO .0000785' 106 .0|o8 .Ot_6 . o_q.2. .3075 .0|32. .0/52
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INSIDE-COIL, ROTATING-COIL, LUNDEI(_L, A..C. GENERATOR 1

I

I

I
I

I
I

I
I

I
I
I
I

I

I
I

I

(:)

(2)

(3)

(4)

(5a)

('::)

{,::)

(..qa)

.:_0)

KVA

E

EpH

P

RPM

i"

_I:'H

P.F.

K C

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS y

PHASE VOLTS - For 3 phase, Iconnected generator

(Line Volts) _ (3)
EpH = ¢r ¢y

For 3 phase, _connected generator

E = (Line Volts) = (3)
PH "

_HASE._ - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - in revolutions per minute

1

T_, amperes at rated .toadPHASE CURRENT -- ,..

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR- When P.F. = 0. to . 95 set K c

whenP. F. = .95 to i. setK = 1.05
C

=I.;

LOAD POINTS - The computer program is set up to have the

0.%, 100%, 150%, 200% load points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional



2

(11)

(lla)

(12)

(13)

(14)

(15)

(16)

d

d r

D

n v

by

Ki

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 200%

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert . 33 on the input

sheet when the optional load calculation for 339o

load is required h_ addition to the standard

points. :i ::

If only the standard points are required. '.n._,_ri

0.0 on the input sheet and the optional i_ad _c,i. : :,

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

p-nching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due to

slotting, and the deviations in flatness. Approxi-

mate values of Ki are given in Table IV.

I

I

I

I

I

J

I

I

I

I

r



(17)

dSi

}

I
}

q

I

i

THICKNESS OF

LAMINATIONS

(INCHES) GAGE Ki

•014 29 0.92

•018 26 0.93

.025 24 0.95

•028 23 0.97

•063 -- 0.98

.125 -- 0.99

TABLE IV

SOLID CORE LENGTH- The solid length is the gross lenb_th

times tl_e stacking factor, if venti!atin!_ ducts are

used, their lentil must be subtracted from J_,c

gross leng_i_ aisc.

: {Ki)L(f)i , I (i5) i, s 01v; (bv) = (16) _(13) - {14)

MATERIAL- This input is used in selecting the proper mag-

netization curves for stator;

yoke; pole and shaft: when dif-

ferent ma'_erials are used. Separate: spaces are'

provided on the input shec[ for e_-mh _ecti('r_men-

tioned above. Where curves "_re avMlable on card

decks, used the proper identifying code. Where

card decks are not available submit data in the

following manner:

The magn_etization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density. Re-

cord the coordinates of the points where the
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(19)

(20)

k

B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

O9

O

_t.-4

6O

5O

4O

30

20

i0

0

Max,

P oint _.

Straight Line
Segment

k _rsection of

i. Straight Line_____.

Segments

t
_" ght Line

Segment

Sample
Input Data

Densit__v_ ___

1) 55 Max.
2) o o

27 _ 9
5) 32 2.5

4o48 9, 0
8) 55 i2.0

1 _,' § _ _--8 lb 2b

Ampere Turns Per Inch

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in2.
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(21)

(22)

(23)

(24)

1

2

3

4

5

bo

bl

b2

b3

bs

h0

hl

h2i

h31

hs

ht

hw

Q

h c

TYPE OF STATOR SLOT - Refer to Figure 1

for type of slot.

For (a) slot use 1. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1.

Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

NOTE : Foi'_. TYPE (.C) SCOT

bs: (_,)___b_): (zz)z*Caz)

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.

5
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(25)

(26)

(27)

(28)

(29)

q

TS

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

2 2

SLOTS PER POLE PER PHASE

STATOR SLOT PITCH

_]"S : 7_'(d) :
Q [23)

STATOR SLOT PITCH - I/3 distance up from narrowest _ec-

tion. For slot (a), (b_ (c), and (e)

_'sl/3 " Try(d)÷. 66(hs)_ = +17"_11) + .66 (22_

(Q) (23)

•For slot (d)

?TE(d) + 2(h0) + 1.32(bs)]__

(_

"7r_(ll) + 2(22) + 1.32(22)]

(23)

TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" corm use I. for input. For

"delta" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use 1." for input.

l

I

I

I

I

I

I

l

I

I

I

I

I

I

I

I

I

I
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(30)

(3l)

!31a)

(32)

(33)

(34)

ns

¥

CONDUCTORS PER SLOT - The .actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots _, a pole

pitch. This value must be between 1.0 and 0.5 to

satisfy the limits of this program.

_ (Y) (31)
(m) (q) _-5)(25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For
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(34a)

(35)

(36)

(37)

(38)

f
N ST

db

_e2

hST

!

hST

example, when the space available for one conductor

is . 250 width x . 250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

one i}
For a more detailed explanation refer to section

titled "Effective Resistance and Eddy Factor" in

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR - This number

applies to the strands in depth and/or width :_nd

is used in calculating the conductor area. Item

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PLN - in inches - This pin is used

in forming coils. Use .25 inch for stator O.D.<. 8
inches use .50 inches for stator O.D. _"8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

in inches.
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I

I
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I

I

(39)

(40)

(,tl)

(42)

(42a)

(43)

KSK

K d

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

_r(d) = rr(n)

"_- (P) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When "_SK = 0, KSK = 1

tTr(_SKj t _ -I

2(T'p)

PHASE BELT ANGLE - Input

For phase belt angle = 60 ° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings
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were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd =
Sin 30 ° = Sin 30 °

(q) Sin _30/(q)] (25) Sin __30/(25)_

For 60 ° phase belt angle and (q)_ integer = N/B

reduced to lowest terms.

When (43a) = i and (25) _integer = N/B reduced

to lowest terms

Sin 30° Sin 30 °
Kd

(N) Sing30/(N)] (43) Sin [30/(43)]

For 120 ° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °

2(q) Sin _30/(q)] •2(25) Sin _30/(25)]

For 120 ° phase belt angle and q = integer

When (43a) = 120 and (25) /integer = N/B re-

duced to lowest terms

K d = Sin 60 ° = Sin 60 °

2(N) Sin [30/(N) 1 2(43) Sin _30/(43) 1

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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I

(44)

(45)

(46)

Kp

n e

a c

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

____ _ __ O_(_) 90 sin 90
K_ = sin x = x
--1-'

TOTAL EFFECTIVE CONDUCTORS - The actual number of el-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q) (ns)(Kp)(KsK) [23)(30)(44)(42)

ne = (C) - (3_.)

c_

CONDUCTOR AREA OF STATOR .WINDING in (inches) "_ -

The actual area of the conductor taking into accotmt

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) = 0 then a c = . 25TF(Dia) 2 =. 251](33) 2

If (39) _ 0 then a c = (N'ST) _(strand width) (strand

depth)-(.858 rc2:_-(34a)_33)(39)-{,.858rc2)_

where .858 rc 2 is obtained from Table V below.

(39) (33) . 188

.000124

• 189 (33) .75

• 000124

(33) .751

.000124• 050

• 072 . 000210 . 000124 . 000124

• 125

• 165

.00084

.00084

.000210

•000840

.000124

• 003350

• 225 .001890 .00189 .003350

• 438 -- .00335 .007540

• 688 -- .00754 .01340

.... .03020 .03020

TABLE V

11
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(47)

(48)

(49)

(50)

SS

LE

O
Xs C

I
! -
I

CURRENT DENSITY -Amperes per square inch of stator

conductor

SS = (IpH) = (8)

(C)(ac) (32)(46)

END EXTENSION LENGTH in iaches - Can be an input or

output.

For L E to be output, insert 0. on input sheet.

For LE to be input, calculate per following:

When (29) = 0. then"

L E = .5 + KT7T(y)_d)+(hs)_

Q

When (29)= 1. then:

= .5+ I.5 If ,_(31) (22
Ll. 7 If (6)

i

L E = 242 +77" + di s

2.b2
..../ S

=2 _ c___

1/2 MEAN TURN - The average length of one conductor in

inches.

_t = (_) + (LE) = (13) + (44)

STATOR TEMP °C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.

I

I

I

1

I

I

I
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(51)

(52)

(53)

(54)

(55)

!(hot)

RSPH

(cold)

RSPH

(hot)

EF

(top)

13

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion _to

ohm-inches.

obm-cirD

/ ohm-cm ohm -in mil/ft

1 ohm-cm =

1 ohm-in =

1 ohm-cir mil/ft =

1. 000

2. 540

1. 662 x 10 -7

0.3937

I. 000

6. 545 x 10 -8

6.015 x 106

1.528 x 107

1. 000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches

°C) + 234. q (51)_(_ot_=(_L_ _._ j= 50) + 234.5]

254.5 J

STATOR RESISTANCE/PHASE - Cold @ 20°C in ohms

RSPH(cold ) = (/_s)(ns)(Q)(_t)

(m)(ac)(C)2

x 10-6 : (51)(30)(23)(49) _JO

(5)(46)(32)2

STATOR RESISTANCE/PHASE -Calculated @ X°C in ohms

RsPH(hot) = (g hot)(ns)(_Q)_t ) x 10-6(52)(30)(23)(49)

(m)(a c)(C )2 (5)(46)(32 )2

-6
XIO

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = 1
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(56)

(57)

EF
(bot)

btm

E Fto p = 1 + , r,;t,71
hst)(ns)(f)(ac_

L_)(Ps_o_J

2

='+ "'+g-r_-:j[(3_)(,.Af" •
,,a>,,q

C_ :3

35 x 10 -3

EDDY FACTOR BOTTOM = The eddy factor of the bottom

coil at the expected operating temperature of the

machine. For round wire EF(bot ) = 1

677 _ht) (ns) (f) (ac)-] 2 x

= (55)- 1.677 _ --_ 10 -3

STATOR TOOTH WIDTH 1/2 way down tooth in inches =

For slots type (a), (b), (d) and (e), Figure I

btm = (Q) 0_s) =_- (2a)

For slot type (c), Figure I

btm = (Q) ' - (b3)= (23) - (22)
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I

I

I

I

I

(57a)

(58)

(59)

(60)

bt 1/3

g

CX

15

STATOR TOOTH WIDTH 1/3 distance up from narrowest

section.

For slots type (a), (b) and (e)

bt 1/3 = (7"s 1/3) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm = (57)

For slot type (d)

1/3 = (77/3) 2 /_ (bs) = (27)- .94(22)
3

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

__) 77"(11) - (22)b t = -b o =

For open slot

MAIN AIR GAP in inches

REDUCTION FACTOR - Used in calculating conductor permeanc

and is dependent on the pitch and distribution factor.

This factor can be obtained from Graph 1 with an

assumed K d of .955 or calculated as shown.

CX = (Kx) = (61)

(Kp) 2 (_ (44)2 (43)2
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(61)

(62)

K_ FACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot.

For 60 ° phase belt winding, i.e. 1ben

_- 3(y)

Kx -- 1/4_m)- _

1 4 _" 3(31)
KX= / t_l:5--=-)

(42a) = 60

-I

+ 1_ where 2/3 = (y)/(m)(q)= 1.0

+ 1_ where 2/3 " <= (31a)= 1.0
2

or

K x = I/4[(6_}_)- I]

,]

where 1/2 <-- (31a) --" 2/3

where 1/2 < "= (31a)= 2/3

For 120 ° phase belt winding, i.e. when (42a) = 120

K x = .75 when 2/3 --< (y)/(m)(q)

KX = .75 when 2/3 =< (31a)

or

[-24(y) 1] 1/2 -_ (Y) =_ 2/3Kx : . 05 [(m)(q) - where (m)(ql

Kx = .05['24(31)
[(3)(25) - 1] where 1/2 -< (31a) =_ 2/3

CONDUCTOR PERMEANCE - The specific permeance for

the portion of the stator current that is embedded

in the iron. This permeance depends upon the

configuration of the slot.
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I
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!

i

!

I

I

(a) For open slots

- 20 V(h2 ) (hl) (bt)2 "35(bt)-_

, _,o_, 20 (_2). (22) (_8)2 .3s(ss_

(b) Fo.r par.ally closed slots with constant slot width

- - 20 _ho) 2(ht) (hw) (hl) (bt)2

_i = (Cx)_L_-_ + Coo) + (b s) + _-_ + 3-_ + 16(Ts)(g ) +

_ ,_,,, 20 _22) 2(22) (22), (22). (58)2 ,
/x i = w,,J (5)(25) _ + (22)+ (22) + _ _ _ * _ _

(c) For partially closed slots (tapered sides)

20 V(ho ) 2(ht) Z(hw) (hl) (bt)2

2O

= (5)(25)
L"

2(22) ?.{22) (22)
+ (22)+ (22) +{_-_2_

(d) For round slots

20 _.62 + _]Ai = (Cx) (m)(q)

/_i = (60)_ E62 + _]

(e) For open slots with a winding of one conductor per slot

20 F(h2 ) (hl) _(_]Ai = (Cx)_T(__ + _b-_ + .6+_+

20 fi22) (591 4-_]

17

• 35(bt) _

•35(58)]

(26) J

- 35(bt) _

.35(58)_

(26) J
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I63)

(64)

(65)

KE ¸

_E

LEAKAGE REACTIVE FACTOR for end turn I

Calculated value (L E) I

KE = Value (L E) from Graph 1 (For machines where (11)> 8")

where L E = (48) and abscisa of Graph 1 = (Y)(_s) = (31)(26) I

_/Calculated value of (L E) (For machines where (11)<8") I

KE _Value (LE)from Graph 1 I

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

The term L J _'_ obtained from Graph 1. I

The symbols used in this (term) do not apply to those

manual. Reference information for the Iof this design

symbol origin is included on Graph 1.

I
WEIGHT OF COPPER - The weight of stator copper in Ibs.

#'s copper = •321(ns)(Q)(ac)(_) = •321(30)(23)(46)(49)

NOTE: This answer is given in lbs. based on the density

of copper. If any other material is used, the

answer on output sheet can be converted by the

designer by multiplying by the ratio of densities.

I

I

I

I
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(66)

(67)

(68)

(69)

(70)

K S

ge

_t_a

19

WEIGHT OF STATOR IRON - in Ibs.

#'s iron=. 283 {(btm)(Q)(_s)(hs) + 7rE)- (hc)- ] (hc) (_s}

.283 _'57)(23)(17)(22)+TT_E2 ) - (24_ (24)(17)_

CARTER COEFFICIENT

(For open slots)

(26) _(59) + (22)_

Ks = (26)_(59)+ (22_ - (22)2

_S E" 44(g)+. 75(bo) _

Ks = E" 44(g) 75030)-- ] 03o)2_fS + " -

(For partially closed slots)

(26) D. 44(59) +. 75(22)]
K s =

(26) 5" 44(59) +. 75(22)-] - (22) 2

MAIN AIR GAP AREA - The area of the gap surface at the

stator bore.

Gap Area = 77"(d)(_ = 7_(11)(13)

EFFECTIVE AIR GAP

ge = (Ks)(g) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air

gap

h a = 6.38(d)= 6.38(11)

(P)(ge) (6)(69)
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(71)

(72)

C1

CW

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form - Tl_ _term

can be an input or output. _r _1 to be output insert

0. on input sheet. For C 1 to be input, determine C1

as follows:

For pole heads with only one radius, C 1 is obtained

from Curve #4. The abscissa is "pole embrace" (oc)

= (77). The graphical flux plotting method of deter-

mining C 1 is explained in the section titled "Deriva-

tions" in the Appendix.

WINDING CONSTANT - The ratio of the RMS line voltage for i

a full pitched winding to that which would be introduced
m

in all the conductors in series if the density were i

uniform and equal to the maximum value. This value a

|
can be an input or output.

insert 0. on input sheet.

culate as follows:

For C w to be an output,

For C w to be an input,

Cw : (E)(C1)(Kd) : (3)(71)(43)
(EpH)(m) 4_ (4)(5)

Assuming K d = .955, then C w = .225 C 1 for three

phase delta machines and CW = • 390 C1 for tlwee

phase star machines.

cal- I

[

I

I

I

I

]

i

I

I

I
I

I

I

I
I



(73)

(74)

(75)

Cp

CM

Cq

21

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input

sheet. For Cp to be an input, determine as follows:

For pole heads with more than one radius Cp is cal-

culated from the same field form that was used to

determine C1, and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

Curve #4. Note the correction factor at the top of

the curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output.

0. on input sheet.

as follows:

CM _ (Cc)77"+ sinF(oc)7r'-]

For C M to be an output, insert

For CM to be an input, determine

= (77) 7]-+ sin [(77)7/_

4 sin [(77) 7/'/2]

CM can also be obtained from Curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For Cq to be an output, in-

sert 0. on input sheet. For Cq to be an input, deter-

mine as follows:
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(76)

valid for
concentric

poles

Cq can also be obtained from Curve 9.

POLE DIMENSIONS - Locations per Figure 7_

bp2 = width of pole at edge of stator stack

bpl = width of pole at end

tp2 = thickness of pole at edge of .stator stack

tpl. = thickness of pole at end

_co = length of coil

,_p = length of pole



(77)
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POLE EMBRACE -

_=/ebpl _) + (bp2) = (76) + (76)

2"_p 2(41)

The next I_ items deal with the calculation of rotor and

stator leakage permeance. A number of illustrations

are included to help identify and locate the actual

path. This computer program is set up to handle the

permeance calculations two ways.

1) P1 through P7 can be calculated by the computer.

For this case, insert 0.0 on the input sheet.

2) P1 through P7 can be calculated by the designer.

For this case, insert the actual calculated value

on the input sheet.

Permeance calculations P1 through P7 are all based

on the equations

p _ u (area)

Where u = 3.19

Area = cross-sectional area perpendicular to

= length of permeance leakage path

Many of the equations used in this section are taken

from Roter's "Electromagnetic Devices". Refer to

the supplement at the end of this computer design

manual for an explanation of each condition.
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(78)

(79)

(80)

ap

P1

ROTOR, COIL AND SHAFT DIMENSIONS - These_

are inputs and are required in the calculations that

follow :

Figure 3

_Tsh = length of shaft
(flux carrying po

tion)

dip = diameter of flux
plate

d r outside dia. of

rotor (also ident
fled in item (llal

doc = outside diameter
of coil

d S = outside dia. of

shaft (flux carry
ing portion)

tfp = thickness of flux
plate

POLE AREA - The effective cross-sectional area of the pole.

ap = (bp2)(tp2) = (76)(76)

POLE HEAD END LEAKAGE - This input can be either 0.0

of the actual value if available. Refer to Item (86)

for explanation. See Figure 4- for location.

"It P1 = 6.28(bpi) _n r2 = 6.28(76} ,,_n (80a)

r_ rl 7_- (80b)

_-The formula for P1 is taken from the supplement at

the end of this computer design manual.



P

r2

PI

P1 POLE _EAD LEAKAGE
¢

/

= 2(3.19) b!;)I i_i r__22
7/" rl

r I = r 2 - tpl

25

(

f

"1

tt

i

,L b_2-"

t
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(80a)

(80b)

(81)

(81a)

(82)

(82a)

(82b)

r2

rl

P2

P3

I

(d ( a
r2= r); dfp) = (11___2)2 (78___)) I

!
rl = (r 2) - (tpl) = (80a) - (76)

II

POLE HEo_Ll_h_SeI_ LEAKAGE This input can be e'ther 0" 0 Itual value if available. Refer to Item (86)

for explanation. See Figure 5" for location, a
|

P2 3" 19_P _'tp2 )2(tpl)__ - 3"19{76) E_] ,

f 2 (81a)

LENGTH OF PERMEANCE PATH 2 I

POLE BODY AND LEAKAGE - This input can be either 0.0

or the actual value if available. Refer to Item (77a) •

for explanation. See Figure (_

"P3 -[6"28 3(bpl)4(bp2)_ _n_

"77-

_The formula for P3 is taken from the supplement at th_

end of tMs computer design manu_l.

r3 : ¢co) - _P---) = (76) -(76)
2 2

r4 = (,/co)" (_p) = (76)- (76)

for location. I

6.28_(76)4+(76) _ 9n_



I

I P2PoLEHE_SIDE,.E_A_E

I

I

I

I t I_ 2 _co = length of coilI _'

, i
!

I
I !
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(83)

(84)

P4

P5

29

POLE BODY SIDE LEAKAGE - This input can be either 0.0

or the actual value if available. --Refer to Item (77a)

for explanation. See Figure 7_8 for location.

When (6) _ 4

Where (_)= Tp-['_(bP l)+_ _, (bp2)_=_ (41). (__76)+_2 (76)]

When (6) ( 4

_ 3.19(76)3 In F+ (76) + (76)1
_- 2 E (83) _J

The formula for P4 is taken from the supplement

at the end of this computer design manual.

FIELD COIL LEAKAGE PERMEANCE, ROTOR - This input

can be either 0.0 or the actual value if available.

Refer to Item (77a) for explanation. See Figure 9

for location.
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P4 IN A FOUR-POLE MACHINE

F_m 7

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I

I

I

I

I,

From Roter's "Electromagnetic Devices", Page 331, Permeance of a
Half Annulus.

I
I

I

I

I

For 6 poles and more:

For 4 poles the above formula is too optimistic. Use

:_ _- z

31
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I

I

I

I

I

I

I
I

I

I

I

I

(86)

(87)

P7

33

-
3._9_-_8)2- (78)2-'!2
(76) L1 Tj

STATOR TO COIL YOKE LEAKAGE - This input can be either

0.0 or the actual value if available. Refer to Item

(77a) for explanation. See Figure I0 for location.

P7 - 3.19 ___E(dr) +2 (D)_ _D) 2 (dr)_ +7/'(dr)(tfp)

(17)

_- " 2 _ - +

(86)

_¢_ = (D)- (dr) =(12)- (lla)Where
2 2

The next set of calculations deals with the no load saturation.

The equations as set up in this section can be used

to calculate the complete no load saturation for any

voltage. When the no load saturation data is required

at various voltages, insert 1. on the input sheet for

"no load saturation". The computer will then calculate

the complete no load saturation curve at 80, 90, 100,

110, 120, 130, 140, 150 and 160% of rated volts. When

the complete saturation data is not necessary, insert

0. on the input sheet and the computer will calculate

only the 100% volt data.
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Area?

Length 7

P?

' . r

P?

77" {dr-b D) (D - dr)+ l_Tdr tEp
- 2 2 3

_-|

I
D - dr approx.

2

=__ (D2- dr3)+ _dr: EP, D- drl I '

' !
-_2_ (D_-dr)'_ 2 D_"_dr_i_EP] Each side of stator I

FI(, IO

I

I

I



|
I
I

|
I
i

\

\

l

I
I
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Fp

_P

Fp

i
I

I
I

I

I

I

I
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(88)

(91)

(92)

(94)

(95)

(96)

st

S c

Bg

Fg

37

TOTAL FLUX in Kilolines

aT = 6(E) 106 =

(Cw)(ne)(RPM)

6(3)106

(72)(45)(17)

TOOTH DENSITY in Kilolines/in 2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

(_T = (88)

Bt =(_-)_s)(bt 1/3) (23)(17)(57a)

FLUX PER POLE in Kilolines

(_p = (Or)(CP) = (88)(73)
(P) (6)

CORE DENSITY in Kilolines/in 2 - The flux density in the

stator core

Bc = (Op) = (92)
2(hc)_s) 2(24)(17)

GAP DENSITY in Kilolines/in 2 - The maximum flux density

in the air gap

Bg = ((_T)
7/'(d)(_

= (88)
7T(ll)(13)

AIR GAP AMPERE TURNS - The field ampere turns per pole

required to force flux across the air gap when oper-

ating at no load with rated voltage.

Fg = (Bg)(ge) = (95)(69)
3.19 3.19
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(9'7)

(98)

(98a)

(99)

F c

F s

STATOR TOOTH AMPERE TURNS

FT = h s E_/in at density

=(22)

I

I

I

L_k up on stator magnetization curve give_l

_in (18)@ density (91)

--J|
STATOR CORE AMPERE TURNS

Fc --

4(P) _ @ density of

-
_12) - (24)]_ I-Look up on stator magnetization

_ - 4(6) -] 1curve given in (18) @ density (94__

STATOR AMPERE TURNSt total

F s = (FT) + (Fc) = (97) + (98)

LEAKAGE FLUX FROM THE STATOR TO THE FLUX PLATES

l

I

AT THE ENDS OF THE ROTOR - The same flux leaks from I

the rotor to the stator on one side as leaks out from
im

the stator to the rotor on the other side. This flux I

does not pass through the air gap but does pass II

through the rotor shaft and flux plates.

The items to follow

for variable loads.

no load.

mi

are to be calculated

The first set of calculations are at

These calculations will then be repeated fore

i

i



I

I

I

I

I

I

I

I

I

I

I

i

(ioo)

002)

(103)

(104)

OPT

Fp

39

100% load. From then on any variation in load

would be a repeat of the 100% load calculations with

the proper percent load inserted.

LEAKAGE FLUX - at no load

(_F = (Pe)_Fg)+ (Fs)_ _ lo "_

TOTAL FLUX PER POLE - at no load

OPT = 0P + 0_ = (92) + (100)

POLE DENSITY - The apparent flux density at the base of the

pole.

B_

(OPT) (102)

(ap) (79)

POLE AMPERE TURNS - at no load. The ampere turns per

pole required to force the flux through the pole and

flux plate at no load rated voltage. In general the

flux plate density is kept fairly low and its ampere

turns can be neglected. The no load pole ampere

turns per pole are calculated as the product of (_p)

times the NI per inch at the density (Bp). Use mag-

netization curve submitted per Item (18) for rotor.

Fp-- _?p) _NI/in @ density (Bp)_

[__ven in (18) @ density (103)
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(Ill)

(i13)

(114)

027)

0SH

BSH

FSH

FNL

FLUX IN SHAFT AND END PLATES - at no load.

_SH = ((_PT) (P) + _7
2

: (102) (6_!) + (99)
2

NOTE : No provision is made for calculating the

density in the end flux plates. Make the

plates thick enough that the periphery of the

pole at its base times the thickness of the

I

I
!

I
I

plate is equal to the cross-sectional area

of the pole at its junction with the plate.

FLUX DENSITY OF SHAFT - at no load.

I

I

BS H _ (¢_SH) _ (III)
-a-V---5_-)

Where a s ="_'_9/r_dsj_ :
77-(78)2

4 4

AMPERE TURNS DROP IN SHAFT AT B S

FSH =_SH _I/in @ density (BSH_

ook up on shaft magnetization curv_
[given in (18) at density (113)

I
I

I

!

I

I
TOTAL AMPERE TURNS - at no load. The total ampere turn_

|
per pole required to produce rated voltage at no load.

FNL= _(Fg)+2(Fs)+2(Fp)+(FSH)_ = _6)+(98a)+(I04)+(I14__

!
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I
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I
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I
I
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(127a)

(127c)

(128)

(129)

IFNL

EFNI

SF

A

X

41

FIELD CURRENT - at no load.

IFN L = (FNL)/(Np)= (127)/(146)

FIELD VOLTS - at no load. This calculation is made with

cold field resistance at 20°C for no load condition.

EF = (IFNL)(Rf cold) = (127a)(154)

CURRENT DENSITY - at no load.

of field conductor.

Amperes per square inch

S F = (IFNL)/(acf)= (127)/(153)

AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor

indicates the "specific loading" of the machine. Its

value will increase with the rating and size of the

machine and also will increase with the number of

poles. It will decrease with increases in voltage

or frequency. A is generally higher in single phase

machines than in polyphase ones.

A = (IPH)(ns)(KP) = (8)(30)(44)

(C) (-f-s) (32)(26)

REACTANCE FACTOR - The reactance factor is the quantity

by which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance

for unit specific permeance, or the percent of normal

voltage induced by a fundamental flux per pole per

inch numerically equal to the fundamental armature

ampere turns at rated current. Specific permeance
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030) x_

I

is defined as the average flux per pole per inch of

core length produced by unit ampere turns per pole. I

100(A)(Kd ) 100028)(43) |

x-_ -_
LEAKAGE REACTANCE - The leakage reactance of the stator I

fOrasfollows'Steadystate conditions. When (5) = 3, calculate ,I

In the case of two phase machines a component due

caused by the concentration of the MMF into a small !

number of phase belts per pole and is negligible for

three phase machines. When (5) = 2, calculate as

follows: {

• _,o__]_oo,q R,,,F.,_._-I_oO1
. _ O. l(d) I '---J l o. I(I,)I u u l

xl - x[(_) ÷ (_E)÷(%)] wh_r__'B--o_or3p_,_emac_1

I

I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(131)

(132)

(133)

(134)

(145)

(146)

(147)

(14B)

(149)

Xad{

Xaq

Xd

xq

V r

43

REACTANCE - direct axis - This is the fictitious reactance

due to armature reaction in the direct axis.

Xad = (X)(_a)(C1)(CM)= (129)(70)(71)(74)

REACTANCE - quadrature axis - This is the fictitious

reactance due to armature reaction in the direct axis.

Xaq = (X)(Cq)(_a)= (129)(75)(70)

SYNCHRONOUS REACTANCE - direct axis - The steady state

short circuit reactance in the direct axis.

X d = (X_) + (Xad) = (130) + (131)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = (Xe) + (Xaq) = (130) + (132)

PERIPHERAL SPEED - The velocity of the rotor surface in

feet per minute

Vr = _?-(dr)(RPM) =7_(11i)(7)
12 12

NUMBER OF FIELD TURNS

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor.
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(150)

(151)

(152)

(153)

(154)

(155)

(156)

Xf°C

Pf

Pf

(hot)

acf

Rf
(cold)

Rf
(hot)

FIELD TEMP IN °C - Input temp at which full load field loss

is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-inches.

Refer to Lzble given in item (51) for conversion fac-

tors.

RESISTIVITY of field conductor at Xf°C

L- 254.5 = (104) L 254. 5 ..j

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute

(149) for (39)

(148) for (33)

COLD FIELD RESISTANCE @ 20°C

Rf (cold): (./Of)(Nf) _tf)
(acf)

: (151) (146)(147!.
(153)

HOT FIELD RESISTANCE - Calculated at Xf°C (103)

Rf (hot) = Odf hot) (Nf) _tf)
(acf)

= (152) (146)(147)
(153)

WEIGHT OF FIELD COIL in Ibs.

#'s of copper = .321(Nf)_tf)(acf)

= . 321(146)(6)(147)(153)

At$O REF£RTO eaOTF- CnlVE_ ,N ,TE_,% (&_)
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(157)

(i6o)

06oa)

(160c)

(161)

--.'T

XF

Pe

Lf

45

WEIGHT O_FF ROT_______ IRO_.___N- Because of the large number of

different pole shapes, one standard formula cannot

be used for calculating rotor iron weight. Therefore,

the computer will not calculate rotor iron weight.

The space is allowed on the input sheet for record

purposes only. By inserting 0. in the space allowed

for rotor iron weight, the comouter will show "0".

on the output sheet. If the rotor iron weight is avail-

able and inserted on input sheet, then the output sheet

will show this same weight on the output sheet.

FIELD LEAKAGE REACTANCE

Xr : (x_) --Ii -2(%)+ 4(XF_I" I

L
.. E _-71)/(74)-]- (81) il- "7

- -- 2(73) 4(16Oc)|
L j

(6) (_o) _ (81), (82)_ (83)-]_. (84)
--J

ROTOR LEAKAGE PELRMEANCE per inch of stator stack

_F -Pe-__2_=_

FIELD SELF INDUCTANCE

I._ = (Nf)2 _p)ECp)(_a)_÷ (Af)_ x 10 -8

= (99) 2 (76) E73)(70)_ + (160c)-] x 10 -8
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(166)

(167)

(168)

(169) I

(170)

(172) I

T

X du

y

Xd

X2

XO

UNSATURATED TRANSIENT REACTANCE

!

X du = (XI) + (Xf) = (130) + (160)

SATURATED TRANSIENT REACTANCE

!

!

I
! !

X d : .88(X du) : .88(166)

SUBTRANSIENT REACTANCE in direct axis

X" d = (X'd) : (167)

SUBTRANSIENT REACTANCE in quadrature axis

T_

X q = (Xq) = (134) I

NEGATIVE SEQUENCE REACTANCE - The reactance due to
[]

the field which rotates at synchronous speed in a U

direction opposite to that of the rotor. I

xz--.5 [x"a + X"q]-- .5 [_,6s)+(,69)] I

ZERO SEQUENCE REACTANCE - The reactance drop across
I

any one phase (star conn'ected) for unit current in eac_

of the phases. The machine must be star connected

for otherwise no zero sequence current can flow and

the term then has no significance.

If (28) = 0, then Xo = 0 I

If (28) _ 0, then
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_.667E_h)÷3_h3)_.2(_j
(m) (q)(Kp) 2 (Kd)2(bs)+ j

I
(173) I_ (30)= ] ThenK = 1

I _o
If (30) _ 1 Then Kxo = _ . 2

l

I
!

I
I
I
I

I

I

I

I

+ 1.667 _(22)+ 3(22)]+ .2(6
(5)(25)(44)2(43)2(22)

(174) Kxt If (30)= 1 Then Kxl = 1

If (30)_ 1 Then:

V 3(y) 1]'F 3(31) _] If (31a) __. 667

If (31a) <. 667

(175) Bo

¢

(176) ' do

(_o)

(44) =

OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with

negligible external resistance and inductance in the

field circuit. Field Resistance at room temperature

(20°C) is used in this calculation.

' = LF_ (161)
T do _-- I-_)
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(177)

(178)

(17_)_

(180)

T a

!

T d

tT

Td

FSC

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

Ta = X 2 = (170)
2007/-(f)(ra) 2007r (5a)(177)

V_lP_e r a =
(m)(IpH)2(RSPH cold)

Rated KVA x to_

(5)(8)2(53)

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

, (X' d) (167)
T d =_ (T'do) = _ (176)

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from

tests on large machines. Use following values:

_t

T d = "035 second at 60 cycle

tT

T d = "005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

FSC = (Xd)(Fg) = (133)(96)

I

I
I

I
I

I
I

I
I
I

I
I

I

I
I

I

I

I

I
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(181)

(182)

(183)

SCR

I2RF

F&W

49

SHORT CIRCUIT RATIO - The ratio of the field current to

produce rated voltage on open circuit to the field

current required to produce rated current on short

circuit. Since the voltage regulation depends on the

leakage reactance and the armature reaction, it is

closely related to the current which the machine pro-

duces under short circuit conditions and, therefore,

is directly related to the SCR.

SCR : (FNL)/(Fsc) = (127)/(180)

FIELD I2R - at no load. The copper loss in the field winding

is calculated with cold field resistance at 20°C for

no load condition.

Field I2R = (IFNL) 2 (RI cold) = (127a) 2 (154)

FRICTION & WINDAGE LOSS - The best results are obtained

by using existing data. For ratioing purposes, the

loss can be assumed to vary approximately as the 5/2

power of the rotor diameter and as the 3/2 power of

the RPM. When no existing data is available, the

following calculation can be used for an approximate

answer. Insert 0. when computer is to calculate

F&W. Insert actual F&W when available. Use same

value for all load conditions.

F&W = 2.52 x 10-6 (dr)2.s (_h) (RPM) 1"5

= 2.52 x l0-6 (Ua)2"5 (76) (7)1"5
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(184)

(185)

(186)

WTNL

W c

WNPL

STATOR TEETH LOSS - at no load. The no load loss

(WTNL) consists of eddy current and hysteresis

losses in the iron. For a given frequency the no

load tooth loss will vary as the square of the flux

density.

WTN L = . 453(bt I/3)(Q)_s)(hs)(KQ)

= . 453(57a)(2 3)(1'7)(22)(184)

Where KQ = (k) = (19)

STATOR CORE LOSS - The stator core losses are due to

eddy currents and hysteresis and do not change under

load conditions. For a given frequency the core loss

will vary as the square of the flux density (Bc).

= 1.42 E(12) - (24 8 (24)(1'7)(185)

Where KQ = (k) = (19)

POLE FACE LOSS - at no load. The pole surface losses are |

due to slot ripple caused by the stator slots. They I

depend upon the width of the stator slot opening, the

air gap, and the stator slot ripple frequency. The n_

load pole face loss (WpNL) can be obtained from |
|

Graph 2. Graph 2 is plotted on the bases of open

I

I

I
I

!
I

I
I

I
I

I
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I
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I

I

I

I

I
I
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slots. In order to apply this curve to partially open

slots, substitute b o for b s. For a better understand-

ing of Graph 2, use the following sample:

K 1 as given on Graph 2 is derived empirically and

depends on lamination material and thickness. Those

values given on Graph 2 have been used with success.

K 1 is an input and must be specified. See Item (187)

for values of K 1.

K 2 is shown as being plotted as a function of (BG) 2" 5

Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indicates

that for a solid line { ), the factor is read

from the left scale, and for a broken or dashed line

(___.____ .... ), the right scale should be read.

For example, find K 2 when B G = 30 kilolines. First

locate 30 on upper scale. Read down to the inter-

section of solid line plot of K 2 = f(BG) 2"5. At this

intersection read the left" scale for K 2. K 2 = . 28.

Also refer to Item (188) for K 2 calculations.

K 3 is shown as a solid line plot as a function of

(FsLT)I. 65. The note on this plot indicates that the

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K 3 when FSL T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K 3 =

f(FSLT)I. 65 At this intersection read the left scale
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(187) K1 Klis

for K 3. K 3 = 1.35. Also refer to Item (189) for

K 3 calculations.

For K 4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to Item (190) for K 4 calculations.

For K 5 use bottom scale and substitute bo for b s

when using partially closed slot. Read left scale

when using solid plot. Use right scale when using

dashed plot. Also refer to Item (191) for K 5 cal-

culations.

For K 6 use the scale attached for C1 and read K 6

from left scale. Also refer to Item (192) for K6

calculations.

The above factors (K2) , (K3) , (K4) , (K5) , (K6)can

also be calculated as shown in (188), (189), (190),

(191), (192) respectively.

WpNL = 7_(d)(,_(K1)(K2)(K3)(K4)(K5)(K6)

=7ff(11 )(13 X187 )(188 )(189 )(180 )(199 )(192 )

derived empirically and depends on lamination material

and thickness. The values used successfully for K 1

are shown on Graph 2. They are:
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(188)

(189)

(190)

K2

K3

K 4
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K 1 = 1.17 for . 028 lam thickness, low carbon steel

= 1.75 for .063 lam thickness, low carbon steel

= 3.5 for .125 lam thickness, low carbon steel

= 7.0 for solid core

K 1 is an input and must be specified on input sheet.

K 2 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K 2 = f(B G) = 6.1 x I0 -5 (BG)2"5

= 6.1 x l0 -5 (95) 2"5

K 3 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K s = f(FSLT) = 1.5147 x 10 -5 (FSLT) 1" 65

= 1.5147 x 10-5 (189) 1" 65

(RPM) (Q)
Where FSL T - 60

_ (7) (23)
60

K 4 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

<.
For _s = ,9

K4 = f("Vs) = -81('7"s) 1"285

= . 81(26) 1-285
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(191) K 5

For .9 _ <= "7-s = 2.0

K4 = f(Ts) = "79(7"s) 1"145

= . 79(26) 1"145

For_fs >2.0

K 4 = f(_r's) = .92(7-s) "79

= .92(26) .79

K 5 can be obtained from Graph 2 (see item 186 for explana- I
q

tion of Graph 2) or it can be calculated as follows"

For (bs)/(g) = 1.7

K 5 = f(bs/g) = . 3 _bs)/(g)- _ 2.31

= .3 E22)/(59)_ 2.31

NOTE :

I

I

For partially open slots substitute b o for bs]
in equations shown.

For 1.7_ (bs)/(g) <= 3

K 5 = f(bs)/(g) = .35 [_bs)/(g)3 2

= . 35 _22)/(59)_ 2

For 3 <(bs)/(g ) <= 5

= . 625 _22)/(59)_ 1.4

I
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(192)

(194)

(195)

(196)

K6

I2R
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For (bs)/(g)>5

K 5 = f (bs) /(g) = 1.38_bs) / (g)_.965

r..-1 965
= 1. :}8 _.22)/(59)_J"

i

K 6 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

K 6 = f(C1)= 10 E9323(C1) - 1.60596]

1O E9323(71 ) 1.60596-]

STATOR I2R - at no load. This item = 0. Refer to Item

(245) for 100% load stator I2R.

EDDY LOSS - at no load. This item = 0.

(246) for 100% load eddy loss.

Refer to Item

TOTAL LOSSES - at no load. Sum of all losses.

Total losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

= (182) + (183) + (184) + (185) + 086)

NOTE: The output sheet shows the next items to be:

(Rating), (Rating + Losses), (% Losses),

(% Efficiency). These items do not apply to

the no load calculation since the rating is

zero. Refer to Items (175), (176), (177), (178)

for these calculations under load.

The no load calculations should all be repeated now

for 100% load.
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(1968)

(198)

(198a)

(207)

(213)

ed

0

07L

I

I
LEAKAGE FLUX PER POLE at I00_o load

_ _ f(ed)(F_)+B + cos (0")7 (FT)+ (Fc)-_ __

(loo)_' }I(198)(96)+E + cos(1988)](07)+(98)

Where e d = cos_ + (Xd) sin_ I

= cos (198a) + (83) sin (198b) I

Where 0 = cos -1 EPower Factor)] I

i--c°s-_F,_]
Where _= tan -1 _'[n (0)+ (Xq)/(100)7

' u co_(o) .J I
_ tan-1 _s_in (198a)+ (134) /(100)-]

- L_I I

Where_ = _- 0 = (1988)- (1988) I

STATOR TO ROTOR FLUX LE_AGE at full load. I

07L = (PT) (ed)(fg) + (FpL) + (FT) 1 + (cos 0) + (F -F_< i
(o7)o++

m

FLUX PER POLE at 100% load

I
r-- .93(X -'] I

0pL : (_p)Led)- 10-_ -_) sin (_)_
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(213a)

(213b)

(213c)

(231a)

(232)

(233)

BpL

FpL

0SHL

BSHL

FSHL
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For P.F..95 to 1.0

_PL = (_P)(Kc) = (126)(9a)

TOTAL FLUX PER POLE at 100% load

0PTL = OPL + _2 = (213) + (196a)

FLUX DENSITY AT BASE OF POLE at 100% load

Bp L : 0PTL = (213,%)
ap 7-(_)

AMPERE TURNS PER POLE at 100% load

FpL = _p _NI/in @ density (BpL)" ]

= (76)

-- 0PTL P_ _-

"Look up ampere turns/inch on rot_

magnetization curve given in (18) at I

density (213b) _]

+ 07L = (162) 21_ + (207)

SHAFT FLUX DENSITY at full load.

BSL = ((_SHL) = (231b)
(as)

AMPERE TURN DROP IN SHAFT at full load

FSHL =_SH FNI/in on shaft magnetization curve at_
! J[density (BSHL)

=(78) rLook up on shaft magnetization curv_Lgiven in (18) at density (232)
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(236)

(237)

(239)

(238)

(241)

(242)

FFL

IFFL

EFFL

I2RFL

WTFL

TOTAL AMPERE TURNS PER POLE at 100% load - The total

ampere turns per pole required to produce rated load

FFL= 2Eed)(Fg)+ _ +(cos 9_FT)+(Fc)+(FPL)7+(FSHL)

FIELD CURRENT at I00% load

IFF L - (FFL)/(NF) = (236)/(146)

CURRENT DENSITY at 100% load

Current Density = (IFFL)/(acf) = (237)/(153)

FIELD VOLTS at 100% load - This calculation is made with

field resistance at expected temperature at 100% load

Field Volts = (IFFL)(R f hot) = (237)(155)

FIELD I2R at 100% load - The copper loss in the field windi_

is calculated with hot field resistance at expected

temperature for 100% load condition.

Field I2a = (IFFL)2(Rf hot) = (237)2(155)

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because of

the parasitic fluxes caused by the ripple due to the

rotor damper bar slot openings.

I.... Ioo I00 "_J + (WTNL)
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(243)

(245)

(246)

(247)

WpFL

I2RL
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POLE FACE LOSS at 100% load

WpF L |_ lot) (n + (WpNL)

=[_ (32)(96) + (186)

(Ksc) is obtained from Graph 3

STATOR I2R at 100% load - The copper loss based on the D. C

resistance of the winding, Calculate at the maximum

expected operating temperature.

I2R = (m)(IPH) 2 (RSPH hot) (% Load)
' 100

= (5)(8)2 (54) 1

EDDY LOSS - Stator I2R loss due to skin effect

Eddy L°ss =EEF t°P)+ (EFb°t)2 - 1_ (Stat°r I2R)

= 5) - (245)

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Stator I2R) + (Eddy Loss)

= (241) + (183) + (242) + (185) + (243) + (245) + (246)
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(248)

(249)

(250)

(251)

RATING IN KILOWATTS at 100% load

!

!

Rating = 3(EpH)(IpH) (P. F. ) (% Load)100 x 10-3
!

= 3(4)(8). (9)(I.) x l0-3
!

RATING AND LOSSES = (248) + (247)Xl0

70 LOSSES =
-3

_Los_,O /_ting +

% EFFICIENCY = 10070 - 70 Losses

= 100%- (250)

_ Losses_ 100 I

!

I

These items can be recalculated for any load condition by

simply inserting the values that correspond to the 70 load

being calculated. The factor (% Load) takes care of (IpH)
100

as it changes with load.

Note that values for F&W (183) and W C (Stator Core Loss)

(185) do not change with load, therefore, they can be cal-

culated only once.
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PASS

I

2

,P

7

!

F0RHAT

FORFIAT

FORHAT

READ2,

READ2,

P,EAD 2,

READ2_

READ2,

READ2_,

READ2,

REAl:'2,

(E11oS,E11o5,E11o5,E11.5,E11o5,E11.5)

(F7.O,F7.0,F7.O,F7oO,F7.O,F7.0,F7oO,F7oO,F7oO,F7oO)

(gX F12o5,2X F12o5)

VA, EE,EP,P!!,F,P",,,P,P'_.., PI, Pr,r'" ....

POI., r) I , DII, CL,!, ,, ,, ,, SF,_fL, ,.,,_, ,._

BO, BI,B2,B3,BS,[!O, i,.-,, , i iz., .,.,

St41,D_,!I,D.P,,CE, Sll,SD, prtA, SK,T I__-,.a

GC, C I, Cl',I,CP, El.,CH, CQ, PE, ,.';PI, gP2

TP 1, TP2, ALP, DR ,WR, D 1 , TFP, 0FP, DS 1, ,.I.mI} I

P 1, P2, P3, P4, PS, P7, DC 1, ALCO, PT, FE

READ2,RD,RT,T2,RR, SNL,WF

SS=S F* (CL-} IV* p,V )

HC=(DU-D I-2.OrqlS)*O. 5

QH=QQ/( PX*P H)

TS=3. 142"D I/QQ

IF (ZZ-4. O) 9, 1O, 9

9 TT=(O.667*!IS+D I)-'G. 14.2/QQ

GO TO 11

10 TT=( (2o O*HO+[_S)*0.66+D I )*3° lz_16/QQ

11 !F(ZZ-I.0) 12, 12, 13

12 CC=(5.O*r,C+P,S)'"TS/((5.O*GC+DS) ._TS-P,S-',-BS)

GO TO 1l'-

13 QC=(4.44":C_C+O.75*BO):"TS

cc=qc I(O.C-r_(>'mo)

14 Cs=YY/(PN*QN)

IF(CS-I .0) 15, 15, 16

15 IF(CS-Oo5) 16,16,17

EQ (t'1)

EQ (24)

EQ (25)

EQ (26)

EQ (_.7)

EQ (67/)

EQ (ata)
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IC PYtl'iY2, 111o0

11 "" "" _'_'"_: IP)',

le:<'"_l <' 1<.. 1]-7, ' . "_\,' '"II v° II

1C *<, F2=I.)

_"--'" '_" I .571"_"/'i _>' "-'/'" 5,71 ...... '

•" ," "* %#. r'_ _#-¢r)
,'t_ 1 Z. -' .,'

,_r:_>,,.._ 0 _21 2! 22

21 7.!=:1 "'• t/

""'-"23

g../. ,_..,v-.:i,. o [ '

a.;, u.=-Uo.)

m I . i J ii. _ ,"_
.'a t/a':: ;"" i o ,."

, , t'-,..:.--. ,: 20,25_

"" '["'" 1 :'" "' 1o'5711 '_ ....... '_25 Dr:=':i"'l 571:,"D,,:., (.<u"_5"":71,., ,, :.,._:,. :

:': :_ ":f'7 "_-"

'" " r, ,- e" 1' : "l"'r) %.'c, _,,.--.,i':! 1o571-'_01P _' ':nr_":'ci',::1 5711(.q'<.., ';_._

•., !,,-_-.,I t, 1.5711 ,,\_ :_"_. . ,

":'"--:':'" ......... '-":'q-:"S/C<__..--&'._,".:...,,..,

('E==CC+"C

I '"-:.,:;,1 ) 29, ,.-,.,'"::', ,-;;"'"

_C.."i_v. 1"._--(_.o_l,.q:':l:'i::,...,..,. (P E3-:-I. o.359

29 IF (C_,:530,30,31

;; 0 C ...-=O° 707-"EE:'C 1:".r.)F/ ( r. p,'-p:, '_

31 IF(C_>;32.,.5 '' "'", , _-p_

3" E:< _ l'r p "_-'- _" ',_ cP=r' (,,.oc;(,..,c , ,, o(..,73-.-1 o 191)

D._':.... Iv (r'l.)3.<. 3"bli'""

I

I
EQ (41) I

I

I

I

I

I

I

II

EQ (44) I

EQ (69) I

I
EQ (73)
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I

#,, IF(':'":",,. , 41

;;.5 I r (r'" '_ ,37• ,,_.. 0,. ",,' .,,

,,)U ,.

C'[;' T(. 40

!;7 tF (PX-4.0)38,38,33

38 U=l, 5

GO TO 40

39 U=Io7

40 EL=3 o 142*U*YY*(D I+HS)/QQ+Oo 5

GO TO 42

41 EL=2. O:_CE+3.142*(0.5_'I--IX+D R _4-yyIAT S"I"T S / S QRT ( TS .,T S-BS .BS )

42 1F (CH)43,43,4Z_

EQ (48)

I
I

I

43 AA=SIN(3. 142-PE)

AB=S I N( 1 o 57 I*PE)*4o O

CH=(3 o 142_PE+AA)/AB

44 I F (CO.) 4-5,45,46

45 AA=I. 57 I,,PE

sq (74)

I AB=3.1416_'_PE

CQ=(O.5*COS(AA)+AB-SIN(AB))/(4.0*SIN(AA))

I

I

46 R B= (T 1+234.5 ) ';I_O " 003 94-RS

PRIt_T3,SS,CC,HC,GE,TS,C1,TT,CW,FS,CP,DF,EL,CF,CH, EC,CQ

PUNCHI,VA, EE,EP,PN,F,PX

EQ (52)

I PUNCttl,RPH, PI ,PF,CK, POL,D I

PUNCHI,PU,CL,SS,HC,SF,QN

PUNCH 1 ,WL, BK, ZZ, BO, B I, B2

PU l,ICH 1, B3, BS, HO, fiX, HY, l'IZ

PUNCH I, HS, HT, HW, QQ,W, RF

PUNCHI,SC,YY,C,TS,SN,DB

PUNCHI,CE,SH,SD,TT,SK,RB
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PIJ;_CFII_ ALCO,TP,DI_FE_RDpRT

PUNCHI_T2pRR_SNLgWF_PE_SNI

PU_JCHI,DWI_BPIpBP2_TPI_TP2_ALP

PUNCH 1 _,[)R_, _:/R_,TF P _,DFP_, DS 1 pALSH

PUNCF_I,P I_P2,P3,P4,P5_P7

PUI,ICH

PUNCH

PUI,ICI-i

PUNCIt

PAUSE

END

I_RSpGC,PT_CIpCW,CP

I_ELpCN_CQ_DWpCC,PBA

I_GE_CS_CF_FS_EC_DF

I_DCI

I

!

I

I

I

I

I

I

I

I

I

I

I

I

I

I

1

I

I
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I

I

I

PASS

I FORHAT

D II4ENS

READ I

RFAD I

READ I

REAP I

REAP I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

READ I

DT=D_II

(EII.5,E1 1.5,EI Io5,EI Io5,EI I.5,EI 1.5)

ION DA(8),DX({i),DY(B),OZ(8)

•VA,EE,EP,PN,F,PX

, P,Pr_,, P I _ PF, CK, PDI., D I

•DU, C,L•SS,HC, SF•ON

•_II,BK,ZZpBO•RI,B2

•B3, F_S, riO,fiX,flY•HZ

,HS, HT •HW, qq,w,RF

,SC,YY,C_TS,SN•DB

•CE, SFI•SD, TT, SK•RB

•TP,D I,FE _RD, P,T•CO ILS

•T2, RR, SNI.•WF, PE• SNI

,DWI_BP I,BP2•TPI,TP2,ALP

•DP,,WR, DY 2 •TY2, TY, ALY

,PI, P2, P3 pPI_,PS• P7

•(12•DG2,AL.G2•AL1

•(;E,CS•CF,FS•EC•DF

• RS,GC, PT, C 1 , C_, CP

• EL• 0,1'4,CO,DI,/, CC, PBA

IF (ZZ-.3. O)1_9, 50, 51

/+9 SI'4=TT-BS

GO TO 53

50 SH=(3+ 1416-(D I+2°*HS) IQQ)-B3

GO TO 53

5; I F (ZZ-4.0) 50, 52,49

52 SM=TT-BS* (0. 554.-0.888"H0/BS )

53 HM=CL4-EL
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61

IF(DT) I_;1,C;1,62

Ac= o. 7 I_5-'_DW*D_.J_'_St.!1

GO TO 72

_2 7.Y=Oo 9

9A( 1) =C)o 05

DA(2)::c).072

DA(_, )=c).125

DA(4)=O. 1(;5

I

I
I

DA (5)--.:c). 225

PA (_::) ----0. _ F;

DA(7)=c).(iSP,

Dx(2)=OoOOO21

D;<(3) =.=o°00021

DX(4)=O.OOOg4

OX ( 5)=:),, r}o 18.9

DX (G)=c)_ oo18.g

I

I
I

I
I

I
DY( 1)=O,,O00124-

DY(2)=C)oOOO1 24-

DY (3) ::0o onn8_,

DY(I_):=OoO008I_

r)Y (5) =0o O0 18.9

I
I

I
DY(6)=0o00:435

DY(7)=c).00754.

DY(8):=Oo03 020

DZ (1)=c),.000124-

DT. (2)=0o000124.

DZ (.?,)=c)o oor) 124

I

I

I

I
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I

I
I
I

I

I
I
I

I

I
I

I
I

I

I
I

I

DZ (4)=c).(mi;35

DZ (5)=O, OO.:_35

DZ (6) ==c).00754

Dz(7)=OoO134

DZ (8)=C)oO3 02

63 1F(DT-oO5) 201,200, 2OO

200 JA=O

JB=O

JC=O

,ID = c)

6_4 J A=,J A..'-1

JB=,gB_I

JC=JC4-1

JD=.ID-_I

I F([)T-DA(,IA) )65,b5,(i4

201 D=O

IF(ZY)71,71,54.

65 IF(D_,I-Oo 188)66,66,67

66 CY=DX(.IB-1)

CZ=DX(,JB)

GO TO 7o

67 1F(DW-O. 75)68,68,,_9

68 CY=DY(,iC-1)

CZ=DY(,IC)

GO TO 70

69 CY=DZ (,ID-I)

CZ--DZ (,ID)

70 D=CY+(CZ-CY)*(DT-DA(JA-'I))/(DA(JA)-DA(JA-]))

IF(ZY)71,71,54.

'T
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71

72

7_

/

r_l,

55

2 0._'-

2O2

204

AC= ( [)T _',I)_Wn ) _':_!,I1

I F (RT) 7._, 7.:_, 7_L

._S=O. 785*F' D','Rh

GO TO 55

_Y=I .O

FIT=RT

n!,=Rr)

_5;=P,T *Ft D-D

s=_' I/(c*_',c)

CY---:PI ":'_FE*O. ('JOOOO1/AS

F K=R P":.'_CY

FP = ( T 2-'-2.-: 4. 5 ) *FK='_O OO.'.;94

RC..-=0 o:; 2 1-vPT :_F E-'_A.S

IF(SIt_')'_° 203 2(]"_

Er=l

EB=I

Gn Tf) 20/"

AA= i). 58 h..t-( s !,l*g td- 1. O ) ,'_O. 06 25 -'_( SD*C L / ( SI-t*H i,!) ) **2.0

AR= ( SI !:'_SC*F :',"AC / ( BS;'d,tg _ ) *'_'_2. O

ET=AA:'=Ar:r:'_r), no: ":5+ 1. O

I=' R--FT_fl • O0 1 (: .Q '-An

RY:=S C'*'00:'rO o,qO0,"]') 1*t'l_i/( P q*AC *'C;_C )

Rr"..B e'-'-f)y
_1--I _. T ''1\

RP=RB*F'V

A=P I _'_.SC*CF / (C*TS)

PlJt4CIt I, Vg, EE, Ep _ PN, F, PX

Pllt,lCttl ,FtPfl, PI , PF, CK, P()L, D I

PIJ[4C!II_[ltl CI.,S!_,HC,SF,O __

I

I

I

I
I

I
I

I
I

I

I
I
I

I
I

I

I

I

I
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I

I

I

I

I

I

I

I

I

I

PUNCH1 pWL,BK,ZZ,BOpBI_B2

PUNCHIsB3,BSpHO_HX,HYpHZ

PUNCHI ,HS_HT,HW,QQpWpRF

PUNCHI _SC_YYpCpTS,SNpDB

PUNCHI pCE_SHpSDpTTpSK_RB

PUNCHI,RS,GC,GP,CI pCW,CP

PUNCHI,,EI. pCM,CQpDWpCC,PBA

PUt,ICFIIpG4,CSpCF,FS_EC,DF

PUNCHIpG,GEpRS,TP,BNE,BSE

PUNCHI, BNM_ BSI'IpPNL pPSL pDRp HNP

PUNCHI pDIpWO,FID,DDpHpB

PUNCHIpBN,SBpTBpRE,T3_PT

PUI',ICHI_FE_RD,RT,T2pRR,SNL

PUNCH I•_,_F,HlipSI'I•AC, AS •ET

PUNCHI•EB,SpFK,FR_RCjRG

PUNCHI pRPpA•PE_DDR,,AD

PAUSE

END

I
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PASS

105

1O6.

lO7

! 08

IO9

3

F ORMAT

READI

READI

READ I,

READ I,

READ I,

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

(E11.5,E11.5,EII.5,E11.5,EIIo5,E11o5)

,VA,EE,EP,PN,F,PX

,RPH, PI,PF,CK,POI,DI

DU,CL,SS,HCpSF_QN

WL,BK,ZZ,BO,BI,B2

B3,BS_HO,HX,HY,HZ

,HS,HT,HW, QQ,W,RF

,SC,YYpC,TS,SN,DB

,CE,SH,SD,TT,SK,RB

,RS,GC,GP,CI,CW,CP

,EL,CI4,CQ,DW,CC,PBA

,G4,CS,CF,FS,EC,DF

,G,GE,RS,TP,BNE,BSE

,BNM, BStipPNI,PSL,DR,HNP

,DI,WO,HD,DD,H,B

,BN,SB,TB,REpT3wPT

,FE,RD,RT,T2pRR,SNL

,WF,HH,SH, AC,AS,ET

,EB,S_FKgFRpRC,RG

,RP,A, PE,DDR,AD

IF(PBA-60.O) 105,1 05,108

IF(CS-O.667) IO6, I06,1 07

FF:Oo 25-(6 °O*CS-I .O)

FF:O.25*(3o:VCS+I.0)

GO TO 75

IF (CF-0.667) 109, I 09, 110

FF=0.O5"(24.O*CS-I °O)

GO TO 75

(61)

!

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

F

I



11

110 FF=0.75

75 CX=FF / (CF_'CF*DF_'_DF)

Z:CX*20o O/( PN*QN)

BT=3 o 142,_D I/QO-BO

Z A:BT _;'BT/ (|6. O*T S*G C )

ZB=O.35*BT/TS

ZC=HO/BO

Z D=H X-_O, 333/BS

Z E=I-.IY/BS

I F (ZZ-2.0) 76,77,78

76 PC=Z*(ZE+ZD+ZA+ZB)

GO TO 82

EQ (60)

EQ (62:

77 Pc=z -'_(zc+(2oO*HT/(BO+BS) )+(HW/BS)+ZD+ZA+ZB)

GO TO 82

78 IF(ZZ-4.0) 79,80,81

79 PC=Z-_(ZC+( 2. O*HT/(BO+B I ) )+( 2. O*HW/(B I+B2) ) +(HX*O .333/B2) +ZA+ZB )

GO TO 82

80 PC=Z*(ZC+0.62)

GO TO 82

81 PC=Z*(ZE+ZD+(O.5"_GC/TS)+(O.25*TS/GC)+Oo 6)

82 EK=EL/(IO°O**(O. I03*YY*TS+0.402))

IF(D I-8°0) 83,83,84

83 EK=SQRT(EK)

84 ZF=.612*LOG (10,O*CS)

EW=6 °28*EK*ZF* (TP** (0.62- (0. 228*LOG (ZF)) ) )/(CL*DF*DF)

87 ZA=3. 1416"(D I+HS)/QQ

IF(ZZ-3.O) 88,89,88

88 TH--ZA-BS

GO TO 90

EQ (63)

EQ (57



89

9O

446

445

TH=(3. 1416-(D I+2.,_HS)/OQ)-B3

W I= (T14*QQ* SS'l{S+ (DU-H C )*3 o 142-11C _','SS )*0 °283

IF(WF)445,446,445

WF=2 °52E-6,."(DR ,,;.2.5) *ALP ::RPH:::,Io5

WC =° 321 *H H":QO;':AC*SC

PUNCHI,VA, EE, EP,PN,F,PX

PUNCHI,RPI4, P I,PF,CK, POL,D I

PUI4CHI,DU,CL,SS,HC,SF,QN

PUI4CHI,WL,BK,ZZ,BO, BI,B2

PUI4CHI,B3,BS,HO,HX,HY,I{Z

PIJNCt{ 1, HS, HT, HW_ QQ,W, RF

PUNCHI,SC,YY,C,TS,SN_DB

PUI!CHI,CE,SH,SD,TT,SK, RB

PUI'ICII I, ALCO,TP,DI,FE,RD_RT

PUNCHI,T2,RR,SNL,WF,PE,SNI

PUNCHI,DWI ,BPI,BP2,TPI,TP2,ALP

PUNCHI,DR,WR,TFP,DFP,DSI,ALSH

2 "_ P4 P5 P7PUI,ICI'II, P 1, P , P.'_, , ,

PUNCI{ I,RS,GC,PT,CI,CW,CP

PUNCH I,EL,CH,CQ,DW,CC,PBA

PUNCH I,GE,CS,CF,FS,EC,DF

PUNCHI,HH,SI4, AS,AC,ET,EB

PUNCHI,s,FK,FP,,RC,RG,RP

PUNCHI,FF,CX,PC,EK, EW,TM

PUNCHI,A,DCI,WI,WC

PAUSE

END

I

EQ (J

I
EQ (1_

I

I

i

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I

I
I

I

I
I

I

I
I
I

I

I
I

I

I

I

PASS

401

4OO

4.

3 FORi,IAT(9X FI2o5,2X F12°5)

I FORHAT(EIIo5,EIIo5, E11o5, EII.5,EIIoS,E11.5)

READI ,VA, EE,EP,

READI ,RPM, PI,PF

READI ,DU,CL,SS,

READI ,WL,BK, ZZ,

READI ,B3pBS,IlO,

READI

READI

READI

READI

READI

READI

READI

READI

_READI

READI

READI

READI

READI

READI

READI

PN,F,PX

,CK, POL,DI

FIC,SF,QN

BO,BI,B2

HX,HY,HZ

,HS,IITpHW,QQ,W_RF

,SC,YY,C,TS,SN,DB

,CE,SH,SDpTT,SK,RB

, ALCO,TP,DI_FE,RD,RT

,T2pRR,SNL,WF,PE,SNI

,DWI,BPI,BP2,TPI,TP2,ALP

,DR,WR,TFPpDFP,DSI,ALSII

,PI,P2pP3,P4pP5,P7

,RSpGC,PT,CI,CWpCP

,ELpCIII,CQjDW, CC,PBA

,GE,CS,CF,FS,EC,DF

,HMpSMpASjAC,ET,EB

#S,FKpFR,RCpRG,RP

pFF,CXpPCpEKpEW,TM

,ApDCIpWIsWC

AP=BP2*TP2

IF(PI)4OO, 401,400

R2=(DR-DFP)/2.

RI=R2-TPI

PI=2.*BPI*LOG(R2/R|)

IF(P2)402,403,402

13

EQ (7_)

EQ (80)



14

4O3

402

AL2=TP-(BPI+BP2)/2.

p2=3.IgII_ALpI_((TP2+TP1)/2.)/AL2

IF(P3)404,405,404

405 R3=ALCO-ALP/2.

R4=ALCO-ALP

P3=(6.38=((3,*BP1+BP2)/4.)/3. 1416)--LOG(R3/R4)

404 1F (P4)406,407,406

407 I F(PX-4o)408,408,409

409 P4=(3 o 1 9I.-ALP/3 o 1416)=I_LOG( I .+(BP I+BP2)/AL2)

GO TO b06

4.08 P4=(4.785*ALP/3.I416).'_LOG(1.+(BPI+BP2)/AL2)

z_06 IF(P5)410,411,410

41 I P5=(6.675/ALCO),'([)CI*-2/4o-DSI*-2/4.)

410 IF (P7)412,413,4-12

413 AL7=(DU-DR)/2°

P7=(S.OII,',((DR+DU)/2o)*((DU-DR)/2. )+3° 1416,',DR:.TFP)/AL7

412 TG=6oE6*EE/(CW-,EC;vRPI ,)

BT I=TG / (QO.:,SS :,'SI_)

FQ=TG*CP/PX

BC I=FQ/( 2. -',HC*SS )

BG 1=TG/(3,1416-D I .,C L)

FG=BG I-GEl, 00319

ALA=6.38*D I/(PX*GE)

PGE=PX*(PI+P2+P3+P4)+P5

ALF=PGE/Cl.

XR=. 0707*A:_DF / ( BG 1;-C 1)

XL=XR* (PC+EW)

XD=XR*C 1*CH*ALA

XQ=XR*CQ*ALA

I

I
EQ (81)

I

I
EQ (82) I

I
EQ (83)

I

I

EQ (84) I

I
EQ (86)

EQ (88) I
EQ (91) I
EQ (92)

EQ (94) I
EQ (95)

EQ (96) I
I

EQ (160a)

EQ (_6ol
EQ (129)

EQ (1301

EQ (1311)I
EQ (132

!



I 15

I

I
I

XA=XL+XD

XB=,,,L.-_XQ

v,r.{=3.14-16_"DR'.:f_Pii/12 o

XF=XD:, ( 1 o-( (C 1/Ci,0 / (2o--CP+(4o*ALF/(3 o 1416:,ALA) ) ) ) )

S I =PT,,PT ",ALP., ( CP ::ALA_: 1o 57+ALF ) :-1 ,, E-8

EQ

EQ

EQ

EQ

EQ

(133)

(134)

(145)

(160)

(161)

I

I

I

A[J= t',[_+;kF

',(S=.88 , XU

XV _l{ _/_----"A .)

VV_',t r3
AI-- A L,_

,,,,i',l= o 5,'( XX+XY )

EQ

EQ

EQ

EQ

EQ

(166)

(167)

(168)

(169)

(170)

I

I
i

415

11.14

418

IF (__) Z_"| _'I"p 415,414

_,U-0 o

GU TO 422

IF (('_- I. )417,418,417

AKX=I o

I

I

I

417

AK,,, I = I.

GO IO 419

AA= (3. ""Y Y / ( PI,I*Q i,I) )

AKX=AA-2,.

IF (AA/3 o-o 667) 42o, I,20,421

I
I

I

I
I

I

42O

421

419

422

AKX 1= o 75*AA- o 25

GO TO 419

AKX 1=o 75*AA+o 25

ABL=(AKX/(CF**2) )-". 07::ALA

XO=AKX* (ABL+PC)/AKX 1

XO= XR-, ( XO+ ( 1 o667-,, (H X+3 o_',HZ ) ) / ( P N*QN*C F *-'_ 2-:D F**2*B S ) +. 2--,EW)

TC=S I/FK

RA=P N*P I *P I *RG/(VA* 1000,. )

T A=XN/(6 28.3 2*F*RA)

EQ (172)

EQ (176)

EQ (I 77)



ID

425

L_26

427

I
TS=XS,::TC/XA

IF (F-(,O.)425,1+26,L_25

TL_=o 005

EQ (17_ /

EQ (17_ I

GO TO 427

"1"l_= o C):"_5 I

FSC=XAV.FG EQ (18 /

PRI "" AC A,S XR,I{I XL linGXD [[[)X(]pET XA,EB,XB PC XF EW,Si WC,XU

..... vS "i'P"" ....XO .... I,,,,l,,d_, ,,'R i'C AS TA Fr,,,T5,FR i4 14C TG,P1 FO

PR I i.iT3, P 2 _,Bq I, P3 _BT 1, F'4-, BC 1

PUNCttl, BK,WI., OO,Si_ i, [}'._ _,RP.i I

PONCill,TS,BO,GC,C1 ,DI ,CL I

PUi.ICIiI,ET_EB_C_SC, Pi.l,P i

HS,DT1 [}C1,DU,ItC PX IPlJ '._C11 _ , ,

P UMCtt 1, PGE, Fr!, AP, ALP, P7, FG
!

PUI,IC_I1,DS1 _ALStt, PT,FI(,AS,PF I

,,_ v C,_ AD, PUL_ SNLPUtJCFil, ^[,,AA,

PUI.ICIII,FK, R.P RG EP,B(_I SS9 _ P

PI.II.ICI11_D I_FSC_ P5_WF_ EP_ EE

PAv,_K

END

I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

PASS

138

139

140

5

1 FORI, iAT(E11.S,E1105,E11.._,E11.5,E11oS,E11.5)

Dli,iEHSI()I,i GB(L_),AE(_)_DX(4-)

READI , BK,WL,O0,SiI, BS,kPI_

READI, TS,BO,GC,CI,DI,CL

READI ,ET,EB,C,SC,PH,PI

READI ,HS,BTI,BCI,DIJ,HC,PX

READI ,PGE, F0, AP, AI.P, P7,FG

READ1 ,D.gI,ALSII,PT,FRpAS,PF

READI ,XB, XA, CK, XD, POI., SI4L

READI ,FK,RP,R(_, EP,BGI,SS

READI ,DI,FSC,PS,WF,EP,EE

WQ= ( DIJ-I tC ) * 1 o4 2*H C:,S S., ( BC 1/BK ) :,_: 2,0 _l_l[.

WT= St] :_O.O_::SS;:ttS:_O.I_53:_(BT1/BK);_,2oO:,WL

132 D2=BG 1:_".V2o5"_0.00006 1

D3 = ( 0 o 0167"00*RPH) :_:_1 o_i5*0 o00001514.7

IF (TS-O. 9) 133,133,134

133 D4=TS_,*1o285*Oo81

GO TO 137

13L_ IF(TS-2oO)135,135,136

135 D4=TS**I. 1/45_0o7.g

GO TO 137

136 DL+=TS**0.79;'_O°92

137 D7=BO/GC

IF(DT-1°7) 138,138,139

D5=D7::*2.31 *0 o3

GO TO 144

IF (D7-3.0) 1/40, 1/40,1/41

D5=D 7"**2 o0"0.3 5

17

EQ (185)

EQ (184)



18

1'-_1

Gu -ro 144

IF (I)7-5o O) IZ_2, llb2, 143

1L_2 b 5=I) 7 .<.<1o4><Oo_i 25

C:O TC 144

I _F, !)5==i)7.:.,c}. i:_5..<1o7:8

1 '#< [tc::,= 1 O° .:) :., (() ° 93 2.<C 1- 1 o_>t)t_ )

{IA=b o 1Lb2.'i) I C!.

•,DLI .. [).-i..[,{b :BA_.s:I=P 1..[) 2 .. I).'-; ...... " " _

A,',(X=[IIj i(_ C

i[- ( A",X-1. .,_ _:){, Zi._ .')f_]cj..,. ' )(:i )-i-

GO iQ 957

,2i:ii_ IF (AX)(-.]; °75) .955, :J5!;, :#5<>

<_)55 !:;K'3C= 100 .<.<° 17{$1((AX).',-1,) :..,,'_;3i_)

Gu it) !)57

956 AKSC=IOo-.:o 111( (AX'(-1 o).."° 17i+)

'.-)47 XXI=P !.:I -) I --Pil

v,,-,--, P ':PF,,,',:>-:_ o <EP" I

)'X2=(EY+EI3)/2o-1 °

XXq-=AK-;(" <P I .<SO� (C .:F(:, )

GB(1)=I.

nB(2)=i°5

(_B(3)=2.

GB(L+)=POL

AN=AT AN ( SORT ( 1o-PF;_P F )/PF )

Ai41=S 114(A14)

DO 777 K=I,q-

YB=GB(K)

AA =A{ A!,I((AN 1+XB:_YB / I00o )IPF )

I

I

I

I

I

EQ (186) I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I
I

I
I

I
I

I
I

I
I
I

I
I

I

I
I

777

AE (K) =COS (AA-AI,I) +XA*S I t,l (AA) *YB 11 00o

DX(K)=o93*XD*YB*SIN(AA)/I00o

PUNCIII.AE(1),AE(2),AE(3),AE(4)

PUNCHI,DX(1),DX(2),DX(3) ,DX(4)

PUNCHI,HS,BTI,BCI,DUpHC,PX

PUNCHI•PGEpFQ,AP,ALP,PTpFG

PUNCHI_DSI ,ALSH,PT,FR•AS,PF

PUNCHI,XB•XA,CK,XDpPOL,SNL

PUNCHI,WQ,WN,WF,XXI,XX2,XX3

PUNCHI,FK•RP,RGwXX4,FSCpP5

PUNCHI•WTpEE

PAUSE

END

19

EQ

EQ



9.0

PASS 6

DII4ENS I OI,IBSHL(4),BPL(4),FFL(4),CDD(4),AIFL(4),EPFL(4)

DIi'4ENSION AE(4),DX(4.),AI(90),PTL(4.),PLL(4)

I

I

I
7oo FORMAT (13)

3

4

I

888

FORMAT(9X F12.5,2X F12o5)

FORMAT (9X F12o51)

FORMAT(El 1.5_EI Io5,EI 1.5_EI 1.5,E11.5,E11.5)

FORMAT(FI0.O,FI O.O_FIO°O,FIO.O,FI0.O,FIO.O)

I

I

I

823

824

K=I

READ888,AI (K),AI (K+I),AI (K+2),AI (K+3),AI (K+4),AI (K+5)

K:K+6

IF (K-8 9) 8 23 , 824,824.

READI,AE(1),AE(2),AE(3),AE(4)

READI,DX(1),DX(2) ,DX(3),DX(4)

READI

READI

READI

READI

READI

READI

pIIS,BTI,BCI,DU,HC,PX

pPGE,FQpAP,ALP_P7pFG

DSIpALSH,PT_FRpAS,PF

pXB,XAgCK,XDpPOI-,SNL

,WQ, WN,WF, XX 1, XX2, XX3

,FK,RP,RG,XX4pFSC,P5

I

I

I

I

I

I

I
READI ,WT,EE

ASH:.7854*DS1*DS1

COREL:(.7854*(DU-HC)/PX)

LOAD=I

X=BTI

I
EQ (113)

EQ (98) I

"806

NA=I

K=I

GO TO 802

FT=HS*AT EQ (97)

I

I

I



I

I
I

I

I
I

I
I

I
I

I
I
I
I

I

I
I

I

I

X=BCl

K=2

NA= I

GO TO I]02

807 FC=COREL*AT

FS=FT_-FC

PL=PGE*(FG+FS)*.OOI

PLT=FO+PL

BP=PLT/AP

X=BP

NA=31

K=3

GO TO 1302

808 FP=AT*ALP

PL7--P 7"J_(F P+FG+F S ) *,001

PSH=( PI.T*P Xl 2 o ) +PL7

BSH=PSH/ASH

X=BSH

NA=6 I

K=4

GO TO 802

809 FSH=ALSHWAT

FNL:2. _ (FG+FS+FP) +FSH

A INL=FNL/PT

EPNL"AI NL*FK

CD=AI NL/AS

SCR=FNL/FSC

PRI NT3_PS,FT,P7,FC,FSC_FG

PRINT4,SCR

21

EQ (98)

EQ (98a)

EQ (100)

EQ (102)

EQ (103)

EQ (104)

EQ (99)

EQ (111)

EQ (113)

EQ (114)

EQ (127)

EQ (127a)

EQ (1275)

EQ (127c)

EQ (181)



22

LOAD=2

DO 899 J=lp4

AED=AE (J)

PLL(J)=PL -'_((AEI)*FG+(1.+PF)*FT+FC)/(FG+FS))

I F(PF-o95)I325,825,826

825 PPL=FQ:,(AED-DX(J) )

GO TO 827

826 PPL=FO*CK

827 PTL(J)=PPL+PLL(J)

PPTL=PTL(J)

X=PPTI./AP

BPL(J)=X

NA=31

K=I

GO TO 802

84.1 FPL=AT*ALP

AA= (AED*FG+FP L+FT* ( 1o+PF ) +FC )

PL7L'-. OO I*P7:,AA

PStlL=P PT L*P X/2,, +P LTL

X--PSHi./ASH

BSHL(J)=X

NA=61

K--2

GO TO 802

84.2 FSHL=ALSH*AT

FFL (J) _AA*2. +FSHL

AIFL(J)=FFL(,I)/PT

CDD(J)ffiAIFL(J)/AS

899 EPFL(J):AI FL(J)_'FR

I

I

EQ (198) I
EQ (196a)I

EQ (213) I

I

EQ (213a)I

EQ (213b l

I

EQ (213c i

EQ (207) 1

EQ (231a)

EQ (232) 1

I

EQ (233) 1

EQ (236)!

EQ (237)'

EQ (239)I
• t

EQ (2._8)



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

837 JA=JA/2

PUNCl-'I7 l)O, J A

IF (JA)L_91,8.92,891

b91 Du 890 K=I,JA

890

892

8O2

831

835

833

834

PUI4CHI,BPI.(K),BSHL(K),FFL(K),AIFL(K),CDD(K),EPFL(K)

PUNCH I,PTL(K),PLL(K)

pUII_CH] p XX111XX21, XX3 p XX _t'PWTIWq

PUNCHI pWF_WI4,RP,RGsFK,FR

PUNCHIpBP,BSH_FNL_AIt4I-pCD, EPNL

PUNCHI_SNI.,FP, BT IpFQ, BCI

PUNCH IpFGpAT_HS,COREI-_ P7_ PGE

PUNCHIpAP_ALP_PX_ALSH_ASH

PUNCH IDPL,PLT,P()L,XApEE

PAUSE

IF (AI (I4A)-X)83 O, 831,8:._ 1

NA= NA+3

IF(AI (NA)-X) 833,834., 834.

NA=NA..'-2

GO TO 835

AX=A I(NA)

BBI=AI (NA-2)

DC=AI (NA+I)

D=AI (NA-I)

XX= (AX-BBI)/(o4343_(I-OG(DC)-LOG(D+.OOOI) ))

Y=AX-XX*./43 43 *LOG (DC )

AT=EXP(2o306*(X-Y)/XX)

GO TO (838,83£),LOAD

838 GO TO (806,807,808,809,810),K

839 JA=JA+I

23



24

GO TO (SL_I ,842) ,K

z,
8:30 GO TO (836,837),LOAD

836 PRINT __50,

850 FORI,IAT (17HtiACHII_IE SATURATED)

PAUSE

END

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



PASS

961

700

I

705

7O2

7

D i HEi!S I (!I,I

D I i4Ft.iS I ()i,!

D I i'IEI,IS If)l!

2;6

_., i, FFL(L'-) AIFI.(z') CDD(Z_) EPFL(L'._ FCUL(q ._BPL (_), _.,t-_1. (,.), , , , ,., j

!.!I.i1_(l_), STTI. (_), SCUL (4-), EDDI. (1.,,.), "i'(.;T L (4), PEFF (4.), GB (I.,_)

PLL (_), PTL(4-)

FORiIAT(F11o3,SX

FOP,FiAT

r-" ) ,"r OF,l' AT

DO 70.5

PLL(14)=O

PTL(14)=O

BPL([.I)=O

F11°3,FI1.3,F11°3,F11o3)

(13)

(El 1.5,EII,.5,E11.5,E11 o5,EII o5,EI I°5)

t,l=1,q-

DSIIL(H)=O

FFL(I'I)=O

AIFL(H)=O

CDD([I)=O

EPFL(I4)=O

FCUL(LI)=O

wm_(u)=o

STTL(I,I)=O

SCUL(U)=O

EDDL(I_)=O

TOIL (I,l)=O

PEFF (I.I)=0

READ7OO, JA

I F(JA)702,703,702

DO 70/-I- K=|,JA

READ1 ,t3PL(K).BSIqL(K) ,FFL(K),AIFL(K),CDD(K),EPFL(K)

704. READI ,PTL(K),PLL(K)

703 READI ,XXI,XX2,XX3,,XX4-_,WT,V/Q



26

707

7o6

71z_

709

71o

7 oS

READI ,'.iF,_thl,R.P,RG, FF,,FI_.

P,EADI ,BP,BSIi,FI.IL,AINI.,C[;,EP'_II.

Rc"_DI,_.,'-,. !;',"L, FP, i]T 1, FO, BC I

rLEADI,FG_A._i_S,COP, I'I..,P7_PGE

READI ,.AP,ALP,PX,ALSI-',,AS'._

READ I,f_L,PLT, P()I.,XA, EE

IF (S I._L)707,7O6,7C)7

PUI.ICi! 1, S IlL, 13T1, FQ, BC 1, EE

PdS!Ctl I, FG, I_,S, COP,EL, P7, PGF

P U!,ICH 1, AP, ALP, PX, AI_SIt, ASH

FEL=AI[II.:-AI' "",..L r K

T L= F E[.-:-1,L +i,,tQ-;-!,,i; +',,iF

A ...3X= 0

IF (JA)714._ 712,714

I F (JA-b) 708,70:9,708

I ,), '_ "'j c',IF_F ul.../Oo,710,708

JA=JA-I

Gr; ( 1 )----1.

GB (2)=--I o5

q,3 (z_-) =pilL

DO 711 K=I,,IA

YB=GB(K)

FCUI_ (K)=A I'-' j''"[" _. _' I" )'': .-2,.:.F [ [

STT I_(K) --:( (. O0 27.,X A. :Y B ) -.. 2::2. + 1,. ) :4 IT

b!tlL (K) = ( ( X)',Lr;_Y_ ),, :2+ I. ).--W, 1

S CI,jl_ (K_ --""• --^,,, 1 ::it P..Y i_

EDDL (K.)=S C[li. (K) ":'_,;( 2

"10T I. (K) =EDD L (K) +SCUL (F,) +Wi.ll_ (If,) +STT !. (K) +F CLIL (K) +WQ+_,rF

EQ (182:

EQ (196)

EQ (241)

EQ (242)

EQ (243)

EQ (245)

EQ (246)

EQ (247)



I
2"/

711

712

• _95,_

PEFF (K)=XX3 _Y[b:100o / :,,,,,-,^,,;...,v:,.,_-,_T_,,, L (K) )

{ "{iIF (POI.) 958, 95'.), 95,

,,, PI.I_ (:l) PLI. (z.'_t':'INTg(_I,PL,PLI.(1),PLL(2), . , .,.

EQ (251)

I
I

I

I

I

I

I

I

I
I

PRINT .95

PR I N'1"96

PR I t,ri .96

Pll I :FF !)(_

P[(ItIiT9__

PR Iiri96

PR t,rl96

PR NT96

PR iIT96

PR NT96

PR NT 96

PR

_R

PR HT 96

PR FIT96

PR bit !)6

PAUSE

1,,,P," L,_PL.(1 "_,,Ui-'!.(2) , qPL(3I '

PLT Pil.(l_ PYL(2_ Prl.(

_,..,1tl.(1_' B'.:,_11..,"2) '""I_B :'I no • , ,,._

) , I'_PI. (4')

:',), p'f L (b..)

!:L(g), :.,,_:

1,Fill. "!:1.( . '- . " , "i_.'_,, .1'_, _ i:l. (2), Fi" I. _'3), FFL _....

" ' L""" "IF 1 ("," /_ii:L(J-:'),1, A114L, AI FI.( 1"_ , ,.',I .

, , _',,n "' Ci',D(b'J1, CD, CDD ( 1 ), CP,D ( 2"), _,:,L, (b),

1, E',';.IL,ePr-L ( 1), t!Pi:L(2), E?i-L (.:_), ;-,'_:-t. (":-)

I, WQ, Wo, Wq, _./Q, 140

1,WF,STTL(1),STTi.(2), SYTL('.;),STTL(b)

1, ABX, SCUL ( 1 ), SCUL (2), SC[;[. (?,), .SCUL (4)

1, AB),', EbDL ( 1), EI)I)L (2), I._L_DI. (}i), E;).)L (/-i)

' . ',, (!;):/',41.(;_.)I'1T961, t/l,l, UIII.. ( 1) ,t..q-il. _2"), ,,.._ ,

Ni 96 1, FEL, FCIJL ( 1 ), FCIJI_ (;.'.) _F (.'.[II. (3), t-C IJL (z')

1 ,WF,',/F,!ff:,tT,'iF

I, TL, TOTL ( 1 ), f OT t. (2), r',.ri L (:.;), TOTL (4)

1 , A,_,,,P"" ,_,c[:'::' 1'_,i, . , F'[:.F,: ("_.,:) , t ,.F _,c "_- ('._ '_., _,:r-r:'._.,.,- ," (4-'_.

I

I
I

I

I

I

9_9 PR

PR

PR

F'R

Pit

p,-'--,

PR

PR I

PRI

;_: (:;_PL PI.I.(ll Pl.l.(..,, PLI.;IT.961, , . ,, , . ,

_, - PTI.(2_ '"_ (;>)NT!)61,, I_,,PTL(1), ,,, ,,_

,,l_"rc.),_1, ,,'"P, RPL (1__ , . _ :_::'1.( 2 _ ,,,,"'" l. '''_,,::;

r'_t-*[ r_¢'' _ " " .*. • •_'FP(_I,P,S_I,L,.,,!I.(1) ,0.,_i1.(2'_ ,,?..Sl_n (.[:_

:iT961,F:,IL,FFl.(1),FFI.(2),FFL(.3)

[.1T961, A I iqL, A I Ft. ( 1), AI FL(2), A I ,-I.(:;)

" "" . , "r_D (',; _dI 9(;1, CD, CDD (1 _, CDD (2),,, ,,

LP,-I.(1), , ..;IT!)61, EP_.IL, ' " ._FPFL(2) ,:,'-_"",-L.(:;)

i,lT 961 ,'.,Ir_, U'_,_,lq, !.lq
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PE

Pf_

PE

PR

,_, !1_(2) ' .......

• I t (:r,,l_ / I',

' "061 "_" i:DDl.( 1 ),_a I " ". , ,_,,,, EDD!.(2) Et_DI. ('4 '1

.',r'_61,_.7H_,:., . ,WI!1__'1_,, . ,_iII. ( 2_. , "r,, '"

.... _:" FEI. FCtlI. F1),FCUI (21,FC:.Iit ('-;1pi _, .:f',ol, , . -. , -,-.

Pll

0 iO
I I x.

PR

• .- ltr" /lr- Ir F

11T9(I',1 ,Tl.,Ti)'il. (1) ,TOTL(2),TNTI-(3)

_'T.%1, ,n_.,, PI-FF ( 1 ), f'EFF ( 2), PI-:FF (5;)

PAUSE

Elid

I

I
I

I

I
I

I

I
I
I
I

I
I

I
I

I
I

I

I



I

I

I

I
I
I

I

I
I

I
I

I
I

I
I

I

I
I

I

,_ ,_,, AI (.)),,'

: r:,_,,,.,9, . ,> Ell.5 ..u11.5 ,.":11.g E11,,q El1,,1;)

_.,...,-___,,.,_.'_ , 1C,.(:;,utL).O,!-IO.O,FIO.O,FIO.(),Flr , ',

_7t; ""_' ':,(': Fl2.g "12 5,FI2..g,F12 #_,FI '_ 5)i"L,_u_ , 19 !S, ,r ... o "

'ii7__, -': ' V-"Ft '_ g F19,,5,712 5,[:1o _ FI'; #; F1 °,...5/i'_

!I
J"k :'_: 1

,,_-_,_ ,.,:,_,::,1 ,":,1 ,,._1 (K+I _, A I (K-',-2) At '""_,,,-,--,'_A I (K-'..t:,.'_ ..:_I t"" '"_,.-,-:;"

!/._# , .-

-- I 't 0 ,_- "

;-;j2z, rtE,\r) 1 '" ">-' """ " EE

_"_" 's i;c:_rt_l_,P7, _>"r,...._.i.) 1,Fq,li. ,

i._.4t,>":-'i' , 1, AP,,:<,L?, r>,,, , ,_<-,,

Y =.ij

o()(>

L0 --_i)= 1

i" ' f'. _? ," {.),_._ ,.;,0.;) i]=1,

i_.1=[)'<: _ "'", I"I ()

f'i • . - % _- tt I_,2=r (.'."_ ,,_

"_"d .- r') •r,:,-:>uI;:Y[_
i_ _ '.I "" {[)d,-F .......' "

RS=E,-- .,,f_F_.:."{ ._,

X=R I

iIA= 1

t#'--. 1I\-"

GO TO <_i_02

F'I'=it <.>.....••A -"

%1 __ t") q
A--F_-I

It__ ¢
l\--_ I

29

EQ (97)
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;._07

S08

G0 TO 802

FC=COI[FI_":AT

FS=FT+FC

PL=PG Ek (R.4+F S ) *o O01

PLT=R 9,.-_.'--_-'L

BP=P l_!/AP

X=BP

:,tA=31

K=3

GO TO 802

FP=AT*ALP

PL7=P7*. O0 I_-(FP+F!;+Ft4.)

P S|l= ( I='I.T-_P X / 2 o )-:-P 1.7

BSI-I=PSIt/AStt

X=BSI-t

EQ (98)

EQ (98a)

EQ (100)

EQ (102)

EQ (103)

EQ (104)

EQ (99)

EQ (111)

EQ (113)

I

I

I

I

I

I

I
I
I

NA=61

K=4

GO TO 802

809 Fsi-I=ALSH*AT

F NL= 2. * (P,4-+F S+F P ) +F SH

EQ (114)

EQ (127)

I

I

I
PRINT878,RS,R1,FT,R3,FC,R4

PRItlT879,BL,PLT, BP,FP,BSH,FNL

800 YB=YB+o I

PAUSE

802 IF(AI(NA)-X)830,831,831

I

I

I
831NA=NA+3

835 IF(AI(NA)-X)833,834,834

833 NA=NA+2

GO TO 835

I

I

I



I
I

I
I

I
I

I
I

I
I

I
I

I
I
I

I

I
I

I

834

GO

838 GO

839 JA=JA+I

AX=AI (NA)

BBI=AI (i4A-2)

DC=AI (NA+I)

D=AI (NA-I)

XX= (AX-BBI)/( .I_34ZI_'_(I.OG(DC)-LOG(D+.O001) ))

y r_v _r_r.,- _._1.-,=,_^-^,,... _-:,_->,"I.OG (DC)

AT=EXP (2.3 06:_(X-Y)/XX)

TO (838,83.9) ,LOAD

TO (806,807,808,809,810),K

GO TO (841,842),K

830 GO TO (836,837),LOAD

836 PRINT 850,

850 FORHAT (17tttIACl--IINE

PAUSE

END

SATURATED)

31
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SUPPLEMENT TO DESIGN MANUAL

FOR PERMEANCE CALCULATIONS

Permeance (P) is the property of a magnetic circuit, or any part of a

circuit, which determines the total flux corresponding to a given mmf

as indicated in the expression -

-- F P -- mmf x permeance

From "Standard Handbook for Electrical Engineers" A. E. Knowlton

7th edition, McGraw-Hill, Section 4-310,

Ma_etic Permeability (_) is that property of an isotropic medium

which determines under specified conditions, the magnitude relation

between magnetic induction and magnetizing force in the medium

usually expressed -

B

H

Same reference Section 4-308.

For air tt : 3.19
Flux Line/kach 2

Ampere Turns/inch

The following formulas are from Roter's"Electromagnetic Device:s _'



I

Parallel planes of infinite extent I

I

where _,- area I
._ = length of flux path

I

I

NoN- PAI_J_Lt.EL Pt.A_i_ of t_lfIN ITE E_'TENT I

,
/

/

P oJ _

e
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Special formulas for use in estimating pern'lem_ces of flux paths.

SEMI- CIRCU LAR CYLINDRICA L VO LUME

¢Iean length of flux line has been found by graphical measurement to be

1.22 g.

Mean area of flux path found by dividing the entire volume by mean

length of flux path is,

Mean area ": 7rg2_x 1 :.0.322 g_p
8 1.22 g

p- _'_- O. 322 u, g _p = O. 26 u_ __p1.22 g



HALF ANNU LUS

NOTE: IH THE CO_pUTEP,, DESIGN _'IANUAI_ THE SyMbol,,. _ WAS CHAhLe_I:"D

TO "7. TO A'_rolD coI_IF_JSlOlNi _ldlTFI _ CAI_ _l_r) I

Assume the mean length of the flux path to be 71"(2-_) and the average area

of the path to be t_ then

I

I

I

I
I

I

SPHERICA L QUADRANT

I

I

Locus OF MEAN

!,.. .,,,,/._"__,'

_e ' '"v'_ / ',_,

FLUX LINE5

I

I

I

I

!

I

I



I

I By graphical measurement, the mean flux lhm is 1.3 g. Volume of

I quadrant is 1/37r(_--)3, hence mean area of flux path is-

1 _.cg Xs

I ._. ,,kT I -- 0.15Z

I ,_ 1.3g

I and the p_ rmeance is

p-- _- °.'.g2A --o.o77_z
I X l. og

i QUADRAN__TT OF SPHERICAL SHELL

I I i,_g$ OIF I_I_AN FI-OX UrlE$

I A

I

I

I

I

I

I

;. Lean length of flux path is "if"
" 2 (t tg)

Maximum area of flux path is -

_ 7rg 2 -

4 16

7/-
4 (t2 ¢" tg)

Axerage area of path is considered to be -

rr

rr ±(t ÷g) and P -_{l . _-8- t (t ¢ g)_
8 _-" .W_(t.g) 4



Right prism and plane of infinite extent uarallel to end of prism.

Simplified flux paths are designated 1, 2, 3, 4.

Path 1 --- This path is 1/2 of the semi-circular cylinder so permeance

is twice as great.

P -- 0.52 tLg,

Path 2 --- This path is one half of a half annulus so permeance is

twice as great.

p-- I.28 u_ ]_r

when g < 3 t

p- 2 tK_ E _n (I_-2__._

IT g-

Path 3 --- This path is 1/2 of a spherical quadrant

P = 0.15@ tkg

Path 4 --- This path is I/2 quadrant of a spherical shell

P--O.5Kt
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STATIONARY- COIL, INSIDE - COIL, LUNDELL
GENERATOR

This type of generator is sold for automotive use. See Larson,
High-Capacity, Maintenance-Free Generating System for Motor

Coaches", ,Electrical Engineering Nov. 1959, pp 1096 - 1099.

"A

It is brushless and could be used in some applications in space.

One such application mLght be one requiring an overhung rotor on
a small engine drive-shaft.

The flux circuit of the machine may be represented by the diagram

below:

The various mmf drops are shown in the following sketch;

/z ,Z(, s,

d

..... _J

I

' ----_y-;Q 'n

,z l&__ _ _F_......- -

..... '........ ..., ,_ ,, t' _ ,



MODEL

(2) I KVA(3) E

(4_)__
(S) m

(So) f

(6) p
<

(7) ere_+.
" (e) Ii_...._

(9)
(_) K_

ll_ (10)

(11) d

(12) D

13) Z
114) nv

(15) bv

(16) Ki

(19) k

i(20) B/ ii

(21)

(22) bo

(22) bI

(22) b2

(22) b_I-

O (22) bs
t/!

,_, (22) ho

p.O (22) h1
<

(22) h2

(22) h3

(22) ks

(22) ht

(22) hw

123) Q

(28)

(29)

(30) n s

(31) y

(32) c
o

x (33)

(34) NtH

o (39)

(36) ,_o2

(37) h_t

(38) h 'st

(4za)
(40) T',w
(SO) X "C

(s_)

('tS_ gs_

US) d_l.
g

1L_)al gz-

IESI DE-COl Lj STATIONARy-(.Ol L

COMPUTER DESIGN.

EWO-

GENERATOR KVA

LINE VOLTS

PHASE VOLTS

PHASES

FREQUENCY

POLES

,;RPM

pHASE CURRENT

POWER FACTOR

ADJ. FACTOR PoLE

OI;>'I'IONAL LOA1) POINT

STATOR I.D.

LUNDE LL. G ENERAI"Oi_

(INPUT)

DESIGN NO(1)-,

RATIO MAX TO MIN OF FUND

WINDING CONSTANT

POLE CONSTANT

END EXTENSION ONE TURN

DEMAGNETIZATION FACTOR

CROSS MAGNETIZING FACTOR

POLE EMBRACE
in •

WIDTH OF t_)LE, (le_lt,RO_/ ENb)"

WIDTH OF R_t-E (.w_C)e e_]_)

"mtcv.N_ss(NAR_,OW r,_<j

POL_ LENGTH

I

(71) Ci m
(72) cw F--
(73) Cp z

(48) LE Z
(74) Cm U

(75) Cq

(76) bpt
i

'0_,) _:Pl'

(W,) _.pz.,:
IM

STATOR O.D.

GROSS CORE LENGTH

NO. OF DUCTS

WIDTH OF DUCT

STACKING FACTOR (STATOR)

WATTS/LB.

I,d ,,SITY
_TYPE OF SLOT

SLOT OPENING

SLOT WIDTH TOP

SLOT WIDTH

SLOT DEPTH

,J,

NO. OF FIELD TURNS/COIL (14N,) N F

MEAN LENGTH OF FLD. TURN (14F'/) ,_tf

NO. OF SLOTS

TYPE OF WDG.

FLD. COND. DIA. OR WIDTH

FLD. COND. THICKNESS

l(,I_) .-I

(vt_) ;;-
TYPE OF COIL

CONDUCTORS/SLOT

SLOTSSPANNED

FLD. TEMPIN "C

RESISTIVITY OF FIELDCOND_2_

NO LOAD SAT.

(i_0) xr'c

(|S|) _ll

(87)
PARALLEL CIRCUITS

STRAND DIA. OR WIDTH

STRANDS/CONDUCTOR IN DEPTH

STRANDS/CONDUCTOR

STATOR STRAND T'KNS.

DIA. OF PIN

COIL EXT. STR. PORl"

iUNINS. STRD. HT.

DIST. BTWN. CLOF STD.

PHASE BELT AN_t_ °

!STATOR SLOT SKEW

ISTATOR TEMP °C

R ES'TVY STA. COND. _ 20 ° C

I_U.t.ENGm OF tAP (J))

IDI/tUM,(TF.,L AT t_l>(83_J

_lN AiR C_rP

I

FRICTION & WINDAGE

STATOR SLOT

DAMPER SLOT

POLE

, !F ,w
(t 8)

ItS)

(m)

STA'TOR t.Al_ I_A'lrK_.tl_t.

PC)L¢_ I_ATiiR t A t-

¢,_FT IvlAT_RJ At-

REMARKS

DESIGNER DAI'=



I JR$1DE -col L_ STA'13ON ARY- cot L

SUMMARY OF DESIGN r '_! ._ r_,,_ALC ....... 1_-NS

MODEL NO .......................... EWO ........... DESIGN NO.

SOLID CORE LENGTH ]

(24_ (h c ) DEPTH BELOW SLOT

(26) (_s) SLOT PITCH "i

(27) (Tsl/3) SLOT PITCH 1,/3 DIST. UP

L. UN DELL GENERATOR.

(OUTPUT_

JCARTER COEFFICIENT J(67) (Ks)

EFFECTIVE AIR GAP (69) (ge)

RATIO MAX TO FUND. (71) (C1)

WINDING CONST. (72) (Cw)

(42) (Ksk) SKEW FACTOR

(Kd) DIST. FACTOR i
4-

PITCH FACTOR !

(45) _'lle ) EFF. CONDUCTORS j

(46) (a c ) CON D. AREA

POLE. CONST, (73) (Cp)

END. EXT. ONE TURN (LE)

DEMAGNETIZING FACTOR (74

CROSS MAGNETIZINGFLTR

(47) (S's) CURRENT DENSITY

(49) (_t ) I/2 MEAN TURN

AMP COND IN b'Z.fi) (A)

REACTANCE FACTOR |Z_)(X)

LEAKAGE REACTANCE

(55) (EFto

COLD STA. RES. _20oC

HOT STA. RES. _=X°C

EDDY FACTOR TOP

REACTANCE DIRECT AXIS

REACTANCE QUAD AXIS

EDDY FACTOR BOT

STATOR COND. PERM.

END PERM.

WT. OF STA COPPER

WT. OF STA IRON

POLE PITCH

WT OF ROTOR IRON

PERIPHERAL SPEED

FLD COND. AREA
I

COLD FLD RES _2_C J

HOT FLD RES _X°C

WT OF FLD COPPER

PERIvt OF LEAKA6E PATH 1 j

SHORT CIR NI

SHORT AIR RATIO

( Pr) FLU=/eoce

i (Bs.) (1t3) SHAFT or=_sWY

-(SI= '_ " (|_.3_..) CUR.. gEl_l. FLU.

.,. (e,=,,,,.-)0ZTb) F:eL.Dvoc.'r5_.

i-_/¢) (:sS_ ST.',co_e Loss

I-L;) (,-) E°°yLOSS
(ZtI_F) (let.) FIEcD cOt_. _.os_

( (

I

SYN REACT QUAD AXIS

(_,=.,.)[ z.szl
/_,f,-)(zW)._

(_:f:F_..)(_-_
.we.) (les)
vcm.I (z_z_

Jr

J_

100

(z'es) (z_)
t-) t=t)

Ct%=)(_:'tO

(-) Cz,_)
!-) (zs,)

FIELD Lrr._KAC_E REACT

FIELD SELF INDbCTANCE

1UNsAt. trans, react

_SU B.TRANS REACT DI R-ECT AX.

SU B. TRANS RI

NEG SEQUENCE REACT

OPEN CIR. TIME CONST.

ARM TIME CONST.

TRANS TIME CONST.

; SUB TRAN TIME CONST

TOTAL FLUX

FLUX PER POLE

GAP DENSITY (_.AIN)

TOOTH DENSITY

' CORE DENSITY

TOOTH AMPERE TURNS

CORE AMPERE TURNS

GAP AMPERE. TURNS (_,q)
li

150 200



iNStDE-COIL, 5TATIONA_/-COIL LUNDELL

NO LOA_) SATURA-t- |ON OVTf_JT SHEET

9o¢_

140°_o

(3) (E)

VOLT%

(,ooX_,)

LEA_:A6E FLU It"

(gs)CBa),_,,_
GAP DEN SI_ y

(_)CBc)
<_TA coRE o_Ns wy

Ooz) _
TOTAL iFLUX/_0LE

003) Bp

i_Le 9_NS ='I'Y

(tt3) Bs_
C-_l AFT _EldS t i_/

(9,)(BT)
sm .-r_TH _=wsrq.

l

l

I

I

I
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The design manual has been arranged as a computer program and

the sequence of calculations results from storage limitations of

the smaller computers (1620).

A number is assigned to a symbol and maintained throughout all of

the manuals presented in this Quarterly Report. Where the symbol

is not used in a particular manual, the symbol and corresponding

number are omitted entirely from the manual.

The symbol number in brackets wherever found means the symbol

and not the value of the number itself. Numbers without brackets

are numerical values.

A symbol list with corresponding design manual calculation numbers,

Fortran program symbols and the definition of the symlJols is given

at the beginning of the manual.

The design equations in the manual are written with symbols and are

repeated with the bracketed numbers that locate the symbol definition

in the symbol list.

Following the design equations, the Fortran program is published

with the same identifying equation numbers found in the design

manual.

I



__qSIDE- COIL, STATIONARY- COIL LUNDE LL

Calculation Electrical Fortran

Numbe r Symbol Symbol

(128) A A

(46) a c AC

(153) acf AS

(68) Ag GA

(70) Ag 2 A2

(70a) Ag 3 A3

(79) ap AP

(112) a s AS

B, b

(20) B BE

(22) b o SO

(94) B c, BC1

(76) bpl BPI

(76) bp2 BP2

(95) Bg, BG1

(122) Bg 2 BG2

(119) Bg 3 BG3

(224) Sg2F L BG2L

Explanation

Ampere conductors per inch

Conductor area of stator winding

Conductor area of field coil

Main gap area

Auxiliary air gap (g2) area

Auxiliary air gap (g3) area

Pole area

Area of shaft

Density

Width of stator slot opening

Stator core density N. L.

Width of pole (narrow end)

Width of pole (wide end)

Main air gap density (N. L. )

Auxiliary gap (g2) density (N.

Auxiliary gap (g3) density (N.

Density in auxiliary gap (g2) (F.

L.)

L.)

L.)



Calculation
Number

(230)

(103)

(213a)

(22)

(57a)

(91)

(57)

(15)

(113)

(232)

(32)

(71)

(74)

(73)

(75)

(72)

Electrical

Symbol

Bg3 FL

Bp

Bpl

b s

bt 1/3

B T

btm

b V

BSH

BSHL

C

C1

CM

Cp

Cq

CW

Fortran

Symbol

BG3 L

BP

BPL

BS

SM

BT1

TM

BV

BSH

BSHL

C, c

C

C1

CM

CP

CQ

CW

Explanation

Density in auxiliary gap (g3) (F.

Pole density

Flux density at base of pole

Stator slot dimension per Fig. 1

Stator tooth width 1/3 distance

from narrowest end

Stator tooth density (N. L. )

Stator tooth width 1/2 distance

from narrowest end

Radial duct width

Density in shaft (N. L. )

Density in shaft (F. L. )

Parallel paths

Ratio of maximum fundamental of

field form to the actual maximum

of the field form

Demagnetizing factor

Pole constant

Cross magnetizing factor

vVinding constant

I

I
I

i
i

i
I
i
i

i

i
i

I

I

I

I
i

I



I

I
I
I

I

I
I

I
I

I
I

I
I
I

I
I

I

I

I

Calculation Electrical Fortran

Number Symbol Symbol

D, d

(12) D DU

(11) d DI

(35) d b DB

(78) dg 2 DG2

(78) dg 3 DG3

(78) doc DC1

(11 a) d r DR

(78) d s DS1

E, e

(3) E EE

(55) EFTo P ET

(56) EFBo T EB

(238) EFF L EPFL

(127b) EFN L EPNL

(4) EpH EP

F,_

(5a) f F

(98) fc FC

(236) FFL FFL

Explanation

Stator lamination outside diameter

Stator lamination inside diameter

Diameter of bender pin

Diameter containing gap (g2)

Diameter at air gap (g3)

Outside diameter of shaft

Outside rotor diameter

Diameter of shaft

Line volts

Eddy factor top

Eddy factor bottom

Full load field volts

No load field volts

Phase volts

Frequency

N. L. stator core ampere turns

Total full load ampere turns



Calculation Electrical Fortran
Number Symbol Symbol

(96) Fg FG

(123) Fg 2 FG2

(225) Fg2F L FG2L

(120) Fg 3 FG3

(231) Fg3 F L FG3 L

(127) FNL FNL

(104) Fp FP

(213c) Fpl FPL

(180) fsc FSC

(97) f w FT

(183) f & W WF

(114) fss FSH

(233) FSH L FSHL

G, g

(59) g GC

(59a) g2 G2

(59c) g3 G3

(69) ge GE

Explanation

N. L. main gap ampere turns

N. L. gap (g2) ampere turns

F. L. gap (g2) ampere turns

N. L. gap (g3) ampere turns

F. L. gap (g3) ampere turns

Total no load ampere turns

Pole ampere turns

Ampere turns per pole

Short circuit ampere turns

N. L. stator tooth ampere turns

Friction and windage

N. L. shaft ampere turns

F. L. shaft ampere turns

Main air gap

Auxiliary air gap

Auxiliary air gap

Effective main gap

I

I
I

I
I

I
I

!
I

I
I
I

I

I
I

I

I

I

I



Calculation

Number

Electrical

Symbol

Fortran

Symbol

H,h

(24) h c HC

Y

(38) hST SD

(39) hST SH

I, i

(237) IFF L AIFL

(127a) IFN L AINL

(8) Pi

(182) I2a f FEL

(241) I2RFL FCUL

(194) I2R PS

(245) 12R S SCUL

(19) k WL

(9a) K c CK

(43) K d DF

(63) K e EK

(16) K i SF

(44) Kp CF

Explanation

Depth below slot

Distance between center line

of strand in depth

Stator coil strand thickness

(largest dimension)

F. L. field current

N. L. field current

Phase current

N. L. field coil loss

F. L. coil copper loss

N. L. stator copper loss

F. L. stator copper loss

Watts/lb core loss

Adjustment factor

Distribution factor

Leakage reactive facto

Stacking factor

Pitch factor



Calculation

Number

(67)

(42)

(2)

(61)

(13)

(8oa)

(81a)

(82a)

(76)

(48)

(36)

(161)

(78)

(17)

(49)

(147)

(78)

Electrical

Symbol

Ks

KSK

KVA

Kx

_3

_co

LE

_e2

L F

_g3

_g
_t

tf

_-SH

Fortran

Symbol

CC

FS

VA

FF

L, 1

CL

ALl

AL2

AL3

ALCO

EL

CE

SI

ALG3

SS

HM

FE

AISH

Explanation

Carter coefficient

Skew f actor

Generator rating

Factor to account for difference

in phase current in coil sides in

same slot

Gross core length (stator)

Length of leakage path 1

Length of leakage path 2

Length of leakage path 3

Length of coil

Stator coil end extension length

Coil extension beyond core

Field inductance

Length of auxiliary gap (g3)

Solid core length

1/2 mean turn (stator coil)

1/2 mean turn of field coil

Effective length of shaft

!
!

!
!

!
!

!

!
!
!

!
!

!
!

!

!

!

!

!



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation Electrical Fortran

Number Symbol Symbol

M, m

(5) m PN

N,n

(146) nf PT

(45) n e EC

(30) n s SC

(34) NST SN

t

(34a) NST SN1

(14) n v HV

P,p

(6) p PX

(9) PF PF

(80) Pl Pl

(81) P2 P2

(82) P3 P3

(83) P4 P4

(84) P5 P5

(86) P7 P7

Q, q

(23) Q QQ

(25) q QN

Explanation

No. of phases

Field turns per coil

Effective conductors

Conductors per slot

Strands per conductor in depth

Strands per conductor (total)

Radial ducts

No. of poles

Power factor

Permeance of leakage path 1

Permeance of leakage path 2

Permeance of leakage path 3

Permeance of leakage path 4

Permeance of leakage path 5

Permeance of leakage path 7

No. of slots

Slots per pole per phase



Calculation Electrical Fortran
Number Symbol Symbol

(I54) Rf (cold) FK

(155) Rf (hot) FR

(7) RPM RPM

(53) RSPH (cold) RG

(54) RSPH (hot) RP

S,____s

(181) SCR SCR

(127c) S F CD

(47) ss s

T,___L

(177) Wa TA

?

(178) Wd T5

?

(176) Tdo TC

(76) tpl TP1

(76) tp2 TP2

V,v

(145) V r VR

W, w

(185) W C WQ

(186) WNp L WN

Explanation

Cold field resistance at 20 oc

Hot field resistance at X oc

Revolutions per minute

Stator resistance per phase at 20 oc

Stator resistance per phase at X °C

Short circuit ratio

Current density in field conductor

Current density in stator conductor

Armature time constant

Transient time constant

Open circuit time constant

Thickness of pole (narrow end)

Thickness of pole (wide end)

Peripheral speed

Stator core loss

N. L. pole face loss

I

I

I
I

I
I

I
I

I
I
I

I

I
I

I

I
I

I

I



I

I

I

I

Calculation

Number

(243)

Electrical

Symbol

WpFL

I (242) WTF L

(184) WIN L

! x,x
I (129) X XR

(131) Xad XD|

a (132) Xaq XQ

(133) _1

I

I

I
I

(167)

(168)

?

(166) Xdu

?

(160) X F

(150) xf oc

I
I

I

(130) X

tf

(169) X
q

(134) xq

i (5o)- xs oc
(170) X 2

I (172) X o

Fortran

Symbol

WNL

WTFL

WT

XS

XX

XU

XF

T2

XL

XY

XB

TI

XN

XO

Explanation

F. L. pole face loss

F. L. stator teeth loss

N. L. stator teeth loss

Reactance factor

Reactance direct axis

Reactance quadrature axis

Synchronous reactance - direct
axis

Saturated transient reactance

Subtransient reactance direct

axis

Unsaturated transient reactance

Effective field leakage reactance

Expected field temperature at
full load

Leakage reactance

Subtransient reactance quadrature
axis

Synchronous reactance quadrature
axis

Stator expected temperature at F. L.

Negative sequpnce reactance

Zero sequence reactance



Calculation
Number

(31)

(
(lO8)

(lOO)

(221)

(118)

(99)

(196a)

(226)

(207)

(92)

(213)

(102)

(213a)

(111)

(88)

(41)

(26)

(40)

(27)

Electrical

Symbol

Y

_g2

0L

0g2

0_7

_5L

O7L

%
0pL

PT

_PTL

_SH

_W

7"SK

TS 1/3

Fortran

Symbol

Y,y

YY

PG2

PL

PG2 L

PL5

PL7

PLL

PL5L

PL7L

FQL

PTLL

PSH

TG

T

TP

TS

SK

TT

Explanation

Throw or coil span

Rotor leakage flux

Flux in auxiliary gap (g2) at F.

N. L. leakage flux in Path 5

N. L. leakage flux in Path 7

Leakage flux per pole

F. L. leakage flux in Path 5

F. L. leakage flux in Path 7

Flux per pole N. L.

Flux per pole F. L.

Total flux per pole

Total flux per pole

Shaft flux N. L.

Total flux N. L.

Pole pitch

fi_ator slot pitch

Stator slot skew

Stator slot pitch 1/3 distance

from narrowest section of tooth

Lo

I
I

I

I
I

I
I

I
I
I

I
I

I
I

I

I

I

I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

Calculation

Number

(64)

(159)

{62)

(151)

(152)

(51)

(52)

(77)

Electrical

Symbol

Ai

_0f (hot)

_s (hot)

Fortran

Symbol

EW

BE

RR

RS

PE

• . r

Explanation

End Winding permeance

Permeance of end portion of

damper bar

Conductor permeance

Resistivity of field conductor
at 20 oc

Resistivity of field conductor

at expected temperature at F. L.

Resistivity of stator winding at
20 oc

Resistivity of stator winding at
XoC

Pole embrace
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VALUES OF Kdn FOR INTEGRAL-SLOT, 3# WINDINGS - TABLE 2

I

h.

3

S

7

?

k'jn- HARMoNIc DiS'z"RIBurloM FACTOR,S

2.

.9_6

.707

• 2s"9

3

.q6o

,_(s7

•217

4-

• q_g

• 2o_-

5"

.q57

._4_ • _44

•/¢7

7

.qY7

.g4Z

•195-

g

.q_

• 691

• Iq4

q

.qsK

• {,4o

• 194

I0

.q55

. _3q

• tq3

o_

.qs"K

•{,_6

.Iqt

-.ZSq - •177 - •158 ~ .(4q - •145 - •143 - .141 -.14o -,14o - .t36

- .707 - .333 - .27o - .2q7 - •2_6 - ,Z2q --.225" -,z2Z - •220 - .Ze2.

II -•966 - .I'/7 - .iz6 - . IOz - .o97 -•oq,¢ - .of3 -.oqz - .°87

• IZ6 • 083

•/So

.ze7 • ogz

./Tz

- .%6 •081

• 145

• 06{,

- . "707

13

15"

- ,llO

• IO2 • o86 • 079

.141• 158• 200•667 • Z70

.o"/3

.tz7

17 - .Z£q .96o .1_8 .ioz .08_I .075" .' .o7o .064- .OE6

I_ 25"9 .96o -- . ZOO' -- . IlO - . Od_. - .072, - . 066 - .062. - . 060 - ,dS"_

21 .7o7 .6{_7 - ,65"4 - .247 - .17Z - . 143 --. /z7 - ./18 - .I/Z -- .091

23 .966 .Ze7 - .958 - ./4q - .OqZ - .07Z - .0{,3 - .OS7 - .05_I - .o4t

25 .9{,6 - . 137 - . q58 .2oo .�oz. . oTs" .0_3 .OS6 .OSz .038

27 .7o? - ._=J3 - ._E4 .6q6 .z=J(= ./5-8: .IZ7 ,111 ,IOl .071

29 .2Fq - .177 - •zoS" ,q57 ./45 •086 .o66 .o5_ .o_3

• t_g31 - .ZS9 .9_7• 7J7 - .o57- .197 - O7o_. 097 • o31

33 •7oq .6_7 . Z7o ,644 -.zz9 - .15"o • 118 -- . IOl -. o58

:_5" - .c}66 .f_o .tZ6 .;Zoo -.9S7 -, tq3 -.o83 -.o(_z - .o_z - .oz7

37 - .966 .q6o - .tZ6 - .t#9 - .957 . tq_ .oqs . o_ .6S'_ . oz6

3(/ - .7o7 ._{,7 -. 270 - . 247 -. 6'_9 . _4Z .zz$" .1415" . IS2 . O_lq

.Z_741

43

- . IS8

,2oF

.6_4

- .110

• IOZ

• ZOO45

.197

• t45

,2_{,

• z'_l •957

51

53

5S

57

S9

_3

•9S7

• 69z

• 259

,14l

-. t94

- . 64.I•7o7

• o8t

• o93

.2ZZ

- . 177

- .0_o

- .064

- . 14t-. 33:3

• ozJ

-- . OZ2.

-- , 0<.2

47 .f66 -. 177 ._58 ./oz . mz .19_ -. q56 -. 14o - .079 - . ozo

_c/ .c/66 • 2/7 .95_ - . ISO - . 09z -. 143 - .c156 • 194 .oqz . Olq

.707 .6_7 ._S4 - .2_7 -._Tz - .zzq - .6#/ .64o .Z2O .038

.zsq .q6o .2oK "- ./49 -.084 - .o97 - ,/q4 ,qsE ./40 .0/8

- , Z;9 ,96o - •/_8 . ,200 .oS,_t .086 ./4t .qSS -. _q3 - .o_7

- .7o7 .6_7 - . z7o ._4_ ./$8 . zzE .640 -. 639 - .o_

. oTS

-. 07Z

-. 145

.q$7

•9S7

•6,_6

-. IZ6 • oq_

- .o83

-. /So

- .o7o

.tz_

• Z7o

•/58

, tq4i

• t4o

• 222,

.Ioz

• z36

• 1_5

-. q66 .2t7

-. qt6 - . 177

- .7o7 - . 333

- .9_S

-.qss

- .{q3- ./77• 25q . Zoo - .07Z

-. or6

• 0/6

.030

,ot_



I
ROUND COPPER WIRE TABLE 3

I

I
I

I
I

I
I

I
I

I
I
I

I
I

I

I
I

I

8A_E A_eti

36 .oo5'o

35.

3_

33

3_

31

30

Zq

28

7.7

Z6

25;

.OOOO_q6 qZ_ .oo56 .oo6o .07_'I

.0056 .0o0oZ¥6

.0063 • OOO03,Z

• 007! .00003q6

• 0080 . O000F03

• O08q .oooo6zz

• 0100 .0000785

• OI J3 .O001oo

•Oiz6 .000125

338

266

210

165

13q

106

83.1

66.q

52.6

QI.7

33,0

• Ot_Z. .0oo_58

• OO¢Z

.0070

.OOTq

•0088

• ooq7

• olo8

.O/2Z

.ol35"

.O,SZ

.016q

.OmqO

.OmSq .ooo,ctct

.0066

.oo7q

•oo8_

• ooq_

• oloq

.o#16

.OJ3O

.Ol_Lf

.016,

.Om7q

.0200• o_'I _/ .O00ZSz

•oIzI

.0130

.Ol_Z

.Orang

.o,6q

• ol86

.ozo3

• OZzN

.oqq9

. 1201

•/$26

Iq37

.2390

.30z5.

.3866

• _8o6

.6_ol

.76_0

.q70

.0,32

. OilS'

.0,$8

. OITq.

.O,ql

.OZll

2Lf .OZO, .0oo3,7 26.Z .oz_3 .0223 .o263 1.223 .o25,

2.3 . OZz 6 .O00,to, Z0.7 .0z38 .02_4q . ozOq I._q6 . o276

22 .OZ5q .000507 16._ .0Z66 .0277 .03,7 I.q]7 .0303

21 •028_ .000630

•O320 .oooSo_f

13.0 .ozqq .0310 .03¢/q 2.NSq .0335"

10.3 . 03._ .03e6 • 038q 3.0qq .03702O

.0_69 .oq8z.0_3 .oomsq

Iq .0360 .O010Z _.._ . o_7_ .0386 • OqZq 3.900 . O_oq

IO • Oqo3 .00,26 _.sq . o_,8 .o_31 .0_68 q. q,_ . o,-/_;3

_7 .OSIq

.0538•0508 .002o_

62z3

16

iS"

S.ZZ •05"03

_.07 .052q.

• o571 . OOZS5 3.2(, . o_88 .0602

IH. .06q_ .O03zz 2._ .06Fq .0673

.oq07 .00650

I_ .072 .OOq07 2.0q .0738 .0753 .078q _S'.6c/ .0770

12. .08o8 .OOS,S L61 .0827 . OOq.Z .0877 Iq.76 .08_8

II

•,oz .008=7

.11q. .o_oz

I.?.8

I.OZ

.8_

.63q

• 510

.O?_Z

.lOng

.1181

._3z3

• 1(_6m

• _S&_

•qo3

.3_q

.2_;q.

.ZoZ

. l_;q

.lO0

.07ql

• ,29 .OI3_

.Iqq .016]

._6z .ozo6

.mSZ .O260

.2o_ .o]27

• 0cl77

• _o8q

.1225.

./366

.152_

•17o3

• tCloz

.zzC/ .oqlz

I0

q

8

7

(>

5

3

.OqZ7

.103q

.1_6_

.1306

Z_.9o

31.q3

3q.62

qq.q8

63.03

7qqq

/O0.Z

_26.3

15"'/.3

2oo.q

• 1_65

2

0

z/o

.2_8 .o$23

.3ZS .o8_o

•365 . _o_

•095"7

./o6q

•IZOH-

.13q5.

•/_o3

•/680

• 187q

.2_o3

.OZll

.o231

•0276

.o3ol

.o328

.0_60

.o3c1_

.Oq3q

• 0_78

• o_28

• o._83

• 06_6

.07/6

.O795"

.o883

•098z

.lOCl_

• 125LF

• _CI_

./fi'5.3

.1730

• _qz_/

.2t_3

#'/0 . _o . ,t._, . ocnn



8

CURVE 1

_9
_J
:t

K

q

! ' ! i i _ / : i

'__..........:...._,......--7_---_i:.......i.........i _--- _i........

I
' I i

___...... -<........... . __L ....... ]_....... _ ............. i

C oil_ S P_ _ _)7- ,,),rq_.G_j P, I iv CHF- G

I

I

I

I

I

I

I

/ -_ ........' ..... : ........_.................. _-- "IX IOo% r, rc_
' . i ! . __..... 6_,7% r.Tc.

al d-W_dtng Constant i

i //// Ver-sus_ _itch -

l ' / "An Experimental ,Study of Mal_hille .
, / End Turn Relictance ',

' t- _ : - - ._:_.-_., voi..70 l_i

oL- ............. L..........L_.........i....... __........ J....... --i ' i
C ;4 q- d_ ft.. lc i_ I¢ 1_ I,_'

("_,_) -_,,-,-zi""'_'_;';'C_,')T-/)/4_-_/'/_'_d"tz-,_S-.. ,)

I

I
I

I
I

I
I

I





CURVE'3

Z.S

z.6

2.4-

Z.2

Ksc
2.0

1.8

1.6

l.Oj

.8
0

ii ; i

l . I

=_Ob3 E.Z. POLLARDS r#LoAD LOSSg.S IN _ALIENT _ L _ l " J :_l _ - ' " --

SYNCHRONOUS MACHINES :_ AIEE TRANS, !VOL, E4 _ _, t
]

1935 PP 1_3Z--13k_) : , .I :

i ,
_ '- ' " " ..... i " '+ '--

.. i

I

..... ; " " ..... i _., .... I .... "...... :I-':

•+ I I
• i

1. .

• !,.+ . i . ,,.,. .

' i
i

]
I

[
S

..... ...J , .......
i

I , X

i •

i . ,.. . , ...... ,

i , i .

.i I

........ . . ................ ,.- -

• , ! I + i" " . L .
0

/

i ; * r ' , "l Z ' : I

I I
p

\ :++, _, ,+. ,_ . .
x ' }+ ' ; ! i ; i +. I '; '

I 2 3

+.

i 1 +

t ..... I

t .sj ..... ....... :- "

I

i ; t (

,i ii | ,.

¢ S 6 ' 7 :, 8 q IO
i I " ! - : ] , ;i ;

• - + I_l "; ..... _ ,'_ t • ,!

.... i
.... I

_ . _ ' , + ' t i + , ! : t i ' i , i

I
I
I

I

I
I

I
I
I

I

I
I

I
I

I

I

I



I ! .....

I

I
I

[

i ......... , ....

l

z

CURVE 4

G MAX. I

G MIN.

t

J

I

I

I
...._0

.05 ,iO .15 .20 .25 .30

l

.35
POLE

[

i

• 40 .45

EMBRACE or.,

[.

.50 .55 .60 .65 .70 .75

27



Uu

o.

X_

o_
-x

r ...... _ ..... 4 ...... :-:....

:,: ::::::::_:_:-. ......

......... IF:'" - -



I

I

I
I

I

I
I
I
I

I

I
I.

I
I
I

I

I

]

r

2

¢

NO-LOAD DAMPER LOSS CURVE 7

_.2____t_-)___ ;,"t._ix_, .:i:-_il':_-!t _2_L-j] '-_

+--_----I- -- ::-::4- :-L-.-4_--__" " " A--.-.:_-ll,;,,,_- J __._;-_. + . .... : .... + .... "" _" ,_ _. ; _

• " ...... _. " .. .... !.l_- ::-- " . • _ I
:- -- . . - :.-_rm-:.._. :-. ...... ---_--=-_--1 ........ i- : .... t ............ ' ..... l

+.i i ! t: :' . ._._'.._- T ..... - i. I I" ! _ .;, ! "

. -rJ i q- 1- _ ". T .X-.:_:!- -:--i . ."- ' '::;I ] -_--!-7-- --'- --

"_'_- t • _' _'" '_ Jw '/'' --]: - .- .... -_-- _ - :1 " ; -- .. ' - ._ ' '% 7---+ -. -_ ...... t ---,+ -- _ _+,;_-_.-_'_. , t
."-_. t "_.," : :<-'-" ;-'-'f,_._i._- . :-: - ..+..... ,_'__--.=--.._ +..--_,Y:---; ....+_ .... -1

i
• 1 t " [

---t

:. i i ; i

f-. .i

- "T,,_+ i -": " | • _, i-- i -. |---_ .... I ...... r _. : ,l"t-_ .- : ; _, '

.... +-- " _ i _ ,, v , t • _- ..... '. -+--- t--__---:'-. ---+- ....... _;..... t .......

-- '; " ]-: i : !::::_-.::t :.!-: t::.:t.-:-t-.:-_:-_:t_,::_:.-.t:..u-._.._.. _..:A.::. . ,,fo,_n?._ ,. : ; .
• . t .... L..;_+. ! ...f...; _...I-%7_-... -l-"_':.._'_.,k,_/ - : i . -.1. .i '.-7-'+ . ' + ; ....... T- _

r " I "'I :: '-_ :':'!- "!; .':. :':-}" !L:::' +-:-'':''''1 "''i + ": " ": ' ' _ ' :___ _:_:_:L__________ .... + i_ ..........
. ', I l 1 :$:==I: :I:---I::.; : I:-:I .... l;::l....I : !-I" I " _ ! _ ', .,4. I. "

" i :I '! :- : :-: :: :t: " ::-:_ ;: ::-i : -+_::: :.: i .:+ [ : : : ,

" ! l ",I-_: : :::::::: " " ': ':: +:;+: i:_: :- ::::i " ::._t: ; _: : :.:i. : : t " ' A: _ i

:L___.-._EE_+ i ::4 :-- :-':4::: : :-:::+ ,._, . t++---::::::.--:I_:::::- -: :::=-::_-:I._:+: ::: t- _-_ :i:- -:--

:I : ' :+ b:-:-:+=_:=_jT.:-+-'z: .: .___::=-::::.:=__: :+3"" ::.: ::-': :+ ::__. i. : • :I- _ ",

-- -i .....Ik_ +..:.I+_ ...... " ..... [_ 4-_ ' ............._+_I"t_*--_:F+i_:?:I;+- ...... :--I .................I i]:i[I. I _ ' ' -" _'*t +.__ i "

...... -_+............. _+_4-- :: ............. :'+_-; ............. :|" ::: - -- i ..... '

:::I. _ --: --: :::: -:---:_ ::' ' !:::: :_+--':--= -_!:::::: ::= =: -- ' -..... i : -r " 1:I-

. i ' --'i."_' : : ::..:: ========================_::: +:.'=.-- . .:._-:.::i+ " ' I _,_,,,,I ",,,_-

--,T -_-7 :.... ' :: ':_[::-_ -::_i:-: -:_: .i:::-:: :.-_:i:--:::+::::+::-- --:!-::: --_" -_ -_.:.-r--.... _.....
• -. , . • - J_+ ............. - ..... *+-t +-+:+:'- H +_. + _ ........ : _ ' ;l. - :l: .... t

i+- I. :-i-I -":::-1-:-:_":?:=--;_ :_:_:_'::ii.:-": "::-:::: .::+:7"':::=:- : :::- --'Y":::: " -: :.:'. " +i .'. :.+:+.+ 2_L l....,I +
Prom So _o Po_a.Pd "¢a_¢ula+_oo ot No-Loa_ Damper _±n_±n_ t,osm ±n _o¢hronoum



?

T,
=

NO -LOAD DAMPER LOSS

o _ ,,,s • _ _ oo

CURVE 8

:1



I

I

I
I
I

I
I

I
I

I
I

ql_ ,,t

Id

,J

I__

I

I

I

I

Cm

&

Cq'



I I i



I

I

I

I
I
I

I
I
I

I

i _

..IU

I

I
I

I

I

0
o

0
o

) ....

0 0

o

0



0 0 0
-T _q c_J 0



| 8

9 ,:__ .-t----:_.---:1-:-:_=--:--_......... t---= -::-t .... .--1-....... t ........ I ==-__--7=-_-_....... :==t.L+a.O.,L!_ a_,; .... _.:..-__:_

_ ....I.................. _---2-I ..........t......t ......!-f;_-_ ........._.........! -- -'--- -
[-_ Ii_.L_I_[-_;-SIi_-L:: I:I_II_3L._-__'---T_|._-.I-.r:VS:N_|._:---_-Ii_:4'/.Y.,q:-:-"_.L:/h.-7.-_ ] -:_-._-tK-L

; ' ------- ' _ ' / _ i.._:r. ..... i........ I i ....II

i -r...............:----.........:-I-.............1............:.....'-_I'_......... , ............

" " . " ;_t.: . _ I_-:: : ; - : "- _ : -_z.i. ;- -± .... t-.--: : :1; -: -: |:-: it-- Ct :TL-:-_Ft_Tr-_:- _ _- : ; : . 7 ; :.:_: : . :

: " ::_]_.__\q:.tr--_-'_-___--__-'-:-_:-_- N :--TT: 1:-:-7 :-___::.= _--r-z-: I -:t-.t: ..... -__.<:_:._x :.i .... ,it.: :_.:

I . .± : t_ :_-_---: .... T_L_r-_.L ; . : £S'_L:.|__ :_.Z-[ :i_-i :" * ± . " : :[ -_.:_LL:--%__I:: "-'_ £ : _ : '. L ; £ [
• : ._'----------L -_- " ---2± -: .£ L" . . -- _- "_.L ___: : :_ : I - . " _ " " i t_T- .... Z - _ -- i • _ .

...... _ ....................... _ ........................ j ..... _-.. __-

I l l ! i i I I I --_i_.- t ' _ I i

;; " - ,......... i......... , .......... '-- ]........'....................,.............I.................._...,.....] . ._......_......i_-!%_,................._.......I......_..........
o _ ................._ ............t...... -! ........_ -- k_'_-l ............._..............._......

....'..................................-.......'-7_: ....-L_LIiJi_-i7_:.Z£--ii_ ---I:-- - --- -T---,.......v-_----i--T.........- "-'....."-57-!- -----....., ........,-----_---
_.__ -- _....." --- -"-_-:-i............L_._____.......

._.:_..... t_,:_ --:-:-:-:,-i------:--......:--:....;_ .....--T----.- i-7............ :-':......-
Oju i ........ _ " " ' t .... ! .... L _ _ t , . I . ; ' ' ; I

II
-:=:-_:..........._T-'+--_-_:,-T-::-=:I---;---_--;-=::--=.....

. _ -_-÷ -_ : : : 9_%_-_-7.__-__._-_-= - :_-----: ......

............ ' : , ; ! =z:::_: I__LT__

' '''':l-7:£. ' :k-,_-- :_._..........--.L-_}FI_-_ ff '_--____...... _ _-L-_,'__-----i '_=_ .... _ '' '' __£=-1_.--............
....................... .-......... j----.--_- -_ ...... _ ..... _- .=_ .... _' ...... -L_. __' %--' '_ '

--=....b:--+:-i--::=t_........--,_.----=_7_T=__--==t===+-:-=--_-:-,:-.....:-=_:-=-,.-m..=
....................... _ ............ 4 .... _--_-- .-- _ --v----w---- : , : : ...... ' '.......... b----:--l-: .......-b-,: ........ _ L_-: ..... ==-K-N, ,1_,--rr , , ', , ....... . <!';,,
......I-.....:-T 7,__ Iz:._-+ ...... -t------ __.r:-___-i.:_t___,__+___.___..=____.... =---L-,-_--_

., , / ,_, /_,,, I 1. . ' I. '!! '1' ,; ,I ' ', i/_+,'

-_........]--:-_l:z:_--:q---- ...._.__--:l:,,1-r,' d-l-I,!,, _,,, ',,, !, , ,_, ___= ,,._

. ; I _ _ ; ' L;' , J _ !, i , , i _ _L I : I i i ' ; . i i : ' . , _ ;.................. _ .................................. - P 1 ---- d-_
., I ' :/ , TT-]-[-r, , I ': ]--" i I i I ! I t '-_'-_ N-- I ! } I i , I I I ' ' I I i II I _ F } i

._.-:..... l-£-=i-'----Li--t-_J- !,, I_,L_ !',I !;__ 111 ,'!_! !!l_ ': _ ;_ III II
_i_lli,_ i,,! iii! ',!',i _!II llii IIii IIII !ill liil _il iiil iltl

0 0 0 0 0 0 0 0
-..t" Od 0 CO '_0 ,..1" fl, I

qou T e._enb_ ,_ed _auTITIT_

I

I
I

I

'1



ol
1'-' 0

..... F T : t" T ,_: : • _ - t0
9.... L ................... "-- _ i --,- : t " --t " t T ........ _ , ! :_

l i - i - i i i : • ii_ ::i::_-_:--:: l:b _i-£-i :_TRV_ 16 " i :_: I8
I

I . " I . i I , i : : -,: " • ! .... : -.-: : i - : : : - I " : ; "

{________= : ..... L - i I ) ' j ..... '..... i .... :!' .... ; , .... i .... , |
' : . i : ; . J . L _ "2 L £ , £ T"_.T : : T _ : :- L2 : J i T 7 . Z: ..... L._ "

, : ........ I .............. [ .................... I

" ; : ....... i: . ' -4'--:"- .... '....... : ...........
I \ _f- " i ...................... t .............. _........ _-......_l_ . - t....

......... i .... I ............. I ...... ,_ .......... 1 : ..... t

I

I .. i ..... LX- ..... ,: , :.z. L -_-_ :t : Z ::.,_-_ , 4 _ r_ |

7 _- i = !T2 2 T'L 2 " Y_'2: :.:2 i=2 =--_ 2": :2L L 1_._--_--_:= : =T _'F---Z- : Z .T=-___; L-'."

l . [ - -- 2 Z :l'_ " Z" I - " £'-_7 lTE2-[ _._L, £ 2 t T[ [- 2:7 : : .h_ --::--2T_'_ ZF T _ 2 ( !.L £ : i --_ : 7--:_--[ . F

_i_'_'; ) ....... ' .... i i ................... _--%.........t- - ....t ...................---t-

_ [ ......... 1- . i I.L---±-1 ..... l..l i.____L._£_ : ...I=__L_L_-___.'--_.L£_.__'k4_LZ : .... _ _i_._,__ :._; '_i_
'_'. ,--I ¢ I :l; , il _;:,, ( :2_,;:,:l'_j',I/i / , ,, ' t';ii,

W_ -- " L--"_l __-£F2 L 71-" 22F £:___-2£2 .=25":222--_2-'£_-2_.I2_£--22_2_22-_21--_.2/_-_2_._!--2Z_L 22--212 TL:2£_

I

-- _ ' 2 1 • 2 -- ~

3_ .--"2-2____.T2T_2/__2"2"I. 22I_22:£-'_ 2-L_._£'T_'.T-' .......... _ :_- _' .... I ......... '2.2.-Lf_-_£2"-2- I
; ? _ ; 7 ; ? T -F-' [ ' -_ T T _ 1-_-'_- _ - =2_-_--'22_-T-" _- 7 - -- 2__ ,.._ ....

-_--_---_--"---'_-I -_ .... i ....... _-_-_-'_'_ - .... _-----'-_ -_'--'_-d-_--[_-_--t'I--_ -* .... _'_ _---'----_---_2. | 1' *' ''2_._1 [ L '_: .'_22_'1.1"_ :11: ]t[i::k:''t._ : '_'2 : 2.22 I2-£2LZ2I£2-__2-£.:.:I_T:L--_/ 2-T::.-'-£-_iE+TF-;--_-_, .'--_-_u_--_J--_-] ] ! ! i _! _ ; , i )!ii,_

....... -_--_- _t--= - :........ "--- _- ............... ,---I .... : -..... _-i-:-H_ -,_-_-_- -_:-_-_- ,---t-,=-t .....
• I _ i • _ : _ _ _ i " I ' ' _ ' , _ _

I

I
.] T 7. " -:_-." , r - : -.- : TTdd ; ;' T ' , i ' I : )i--1. ,_l-).,ll, _i,'l:_ . !i.,ll i, ,;!, ; ._ ;,i! i .... I . ;:,1 Itll ,Ill

0 0 0 0 0 0 0 =

I• '4 e,4 6"-I U_)_T @,.Z_l'Ib_ -I_d _UTTOTT_t



i

I INSIDE-COIL, STATIONARY-COIL, LUNDE LL, AoC. GENERATOR

I

I

I
I
I

I
I

I
I

I
I
i

I

I
I

I

(1)

(2)

(3)

(4)

{5)

(Sa)

(5)

k']

(}i)

(9)

(9a)

(IO)

IC_A

E

EpH

m

P

RPM

IpH

P.F.

K c

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

%,
PHASE VOLTS - For 3 phase, _co_mected generator

(Line Volts) _ (3)

EpH = _/_

A
For 3 phase_connected generator

EpH = (Line Volts)= (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR- When P.F. = 0. to . 95 set K
c

whenP. F. = .95to 1. setK = 1.05
C

=1.;

LOAD POINTS - The computer program is set up to have the

0. _o, 100%, 150%, 2000/oload points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional



2

(II)

(1_)

(12)

(13)

(14)

(15)

(16)

d

dr

D

n v

by

Ki

load point will be the designer's choice and can

be selected anywhere in the range of 0 to 200%

load. When an optional load calculation is re-

quired, insert the per unit load value on the in-

put sheet. The optional load point will be cal-

culated in addition to the standard points listed

above. For example, insert . 33 on the input

sheet when the optional load calculation for 33%

load is required in addition to the standard

points.: ..

if only the standard points are required, insert

0.0 on the input sheet and the optional load column

will be blank.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D.- The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punching"s, the burrs due to

slotting, and the deviations in flatness. Approxi-

mate values of Ki are given in Table IV.

I

i

I

I

I

I

I

I

I

I

I

I
I

I

I
I

I
I
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I

I

I

I

I

I

I

I

I

!

I

I

I

I

I

I

I

I

(!7) ,S

THICKNESS OF
LAMINATIONS

(INCHES) GAGE Ki

• 014 29 0.92
• 018 26 0.93
• 025 24 0.95
.028 23 0.97
• 063 -- O. 98
• L25 -- O. 99

TABLE IV

SOLID CORE LENGTH- The solid length is the gross length

ti:_..es the stacking factor. If ventilatir, g ducts are

used, _.heir len_h must be subtracted fron: the

_!;r(>ssleng!h klso,

] i-._,.(:::,[(f_-, , _ j..... ,,,,_(bv) :- (16)k(13) (14) (15)]

MATEPjAL- This input is used in selecting the proper mag-

netization curves for stator; tube, south pole and

skirt; yoke; north pole,spider and shaft; when dif-

ferent materials are used. Separate space:_ are'

provided on the _nput sheet for each section men-

tioned above. Where curves are available on card

decks, used the proper identifying code• Where

card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density• Re-

cord the coordinates of the points where the
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(19)

(20)

k

B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

6O

50
Straight Line

Segment

Max.

Point
Sample

Input Data

Density ?_I

' l), r=rua Max.

0 40 _'- ' "-_ '"

_._ 3) i0 !. 5
4i 27 u

30 _- _rsection of
Straight Line 6 40 4.9

20 55 12.0

[
10 , Straight Line

1 Segment

! 2 3 4 5 _ 8 10 2_

Ampere Turns Per Inch

0

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2.



I

I

I

I

I

I

I

I

I

(21}

i(22)
i

(23)

(24)

l

2

3

4

5

b0

bl

b2

b3

bs

h0

hl

h2

h3

hs

ht

Q

h c

TYPE OF STATOR SLOT - Refer to Figure 1, Page

for type of slot.

For (a) slot use 1. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1,

Page . Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

US =

z. 2..

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.
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(25)

(26)

(27)

(28)

(29)

q

TS

_sl/3

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

hc= (D)- _d) + 2(hs)_ = (12)-[(II) + 2(22)]
2 2

SLOTS PER POLE PER PHASE

STATOR SLOT PITCH

h'-s = 7/'(d) = 7f(ll)
Q

STATOR SLOT PITCH - 1/3 distance up from narrowest _ec-

tion. For slot (a), (b), (c), and (e)

sl/3= _h (d) + •66(hs =
• (Q)

7K_ll) + .66 (22_

(23)

For slot (d)

77[(d) + 2(h0) + I.32(bs)_=

_[(ll) + 2(22) + 1.32(22)]

(23) "

TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" corm use 1. for input. For

"delta" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use 1: for input.
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I
I

I

(30)

(31)

(31a)

(32)

(33)

(34)

ns

¥

C

am

!

NST

!.

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole

pitch. This value must be between 1.0 and 0.5 to

satisfy the limits of this program.

= (y) (31)

(m) (q) _5) (25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For

7

I



(34a)

(35)

(36)

(37)

(38)

!

N ST

db

!7

,'(e2

hST

Y

h ST

I

example, when the space available for one conductor

is . 250 width x . 250 depth, the az._ml conductor can

I

I
be made up of 2 or 3 strands in depth as shown I

one strand(f _It °ne c°nductOr I

For a more detailed explanation refer to section I

titled "Effective Resistance and Eddy Factor" in

the Derivations in Appendix.
i

NUMBER OF STRANDS PER CONDUCTOR - This number

applies to the strands in depth and/or width and

is used in calculating the conductor area. Item

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PLN -in inches - This pin is used

in forming coils. Use . 25 inch for stator O.D.(, 8
inches use . 50 inches for stator O.D. :_ 8 inches.

I

1

I
COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor ca]culations. Set this value =

0 for round wire.

I

I
DISTANCE BETWEEN CENTERLINES OF STR/i, NDS IN DEPTH

in inches.
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I

I

(39)

(40)

(41)

(42)

(42a)

(43)

KSK

K d

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

x_ )r(d) = 7f(ll)= (P) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When "_SK = 0, KSK = 1

smt _--V" I

k- - L _''P' J_ t 2-my!
"'SK- _(q_K ) _T_

PHASE BELT ANGLE - Input

For phase belt angle = 60 ° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings
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were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Sin 30°
K d =

(q) sin_30/(q)]
Sin 30 °

(25)sin_o/(25)t

For 60 ° phase belt angle and (q)/ integer = N/B

reduced to lowest terms.

When (43a) = l and (25)/ integer = N/B reduced

to lowest terms

Sin 30 ° Sin 30°
Kd

(N) Sin_30/(N)] (43) Sin _30/(43)]

For 120 ° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °

2(q) Sin _30/(q)] 2(25) Sin _0/(25)_

For 120 ° phase belt angle and q/ integer

When (43a) = 120 and (25) _ integer = N/B re-

duced to lowest terms

K d = Sin 60 ° =

2(N) Sin [30/(N)]

C

Sin 60°

2(43) Sin _30/(43)]

|

I

I

I

I

I

I
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I

I

I
I

I
I

I
I

I
I
I

I
I
I

I

I

(44)

(45)

(46)

Kp

n e

3.C

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

Kp = sin _L_{(m--_ x 90°_ = sin V(31)_3 L_- _ x 90_.

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but ,_ot allow-

ing for the distribution factor.

(Q) (ns) (Kp)(KsK) (23)(30)(44)(42)

ne = (C) (32)

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 -

The actual area of the conductor taking into accomnt

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

=, 25_(ma)2 2= 25ff(33)If (39)= 0 then ac

If (39) / 0 then a c = (N'ST)[(strand width) (strand

depth)-(.858 re21] = (34a)_33)(39)-(.858rc2) _

where .858 rc 2 is obtained from Table V below.

(39)

• 050
• 072

• 125

(33) . 188 .189 (33)

• 000124 .000124

• 000210 .000124

.438

.'/5 (33) . "/51

• 000124

.000124

• 000210 . 00013400084

00084.165 .000840

.225 .001890 .00189

-- .00335

.688 -- .00754

.... .03020

• 003350

• 003350
.00V540

.01340

.03020

TABLE V
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(47)

(48)

(49)

(50)

S S

LE

_t

x °c

CURRENT DENSITY -Amperes per square inch of stator

conductor

SS = (IpH) = (8)

(C)ia c) (32)(46)

END EXTENSION LENGTH in inches - Can be an input or

output.

For L E to be output, insert 0. on input sheet.

For LE to be input, calculate per following"

When (29) = O. then:

, > ., If (6) = 2 -_
L E .5 . KT_(Y)_d)+_h )! "" )

:: _._, :: .5+.[5 If (6 V(31) I1)+(22
Q 7 If (6

When (29) -- 1. then:

1 i _2 -7
I

24 ]
2 + + dia i+ s ,

• _ ,,_/_.2 2
L_ j i Vrs -bs

=2 .... ; '7t i

1/2 MEAN TURN - The average length of one conductor in

inches.

_t = (_) + (LE) = (13) + (44)

STATOR TEMP °C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.



_(_I)

i

I

i
!

_53)

(54)

i

(55)

Ps

,O
(_s.
hot)

RSPH

(cold]

RSPH

(hot)

EF

(top)

13

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.

ohm-cir
)9 ohm-era ohm -in mil/f t

1 ohm-cm =

1 ohm-in =

1 ohm-cir mil/ft =

I. 000

, 2. 540
!

I. 662 x 10 -7

TABLE

0.3937

i. 000

6. 545 x 10 -8

VI

Conversion Factors for Electrical Resistivity

6.015 x 106

1. 528 x 107

1. 000

RESISTIVITY OF STATOR _NDLNG - Hot at X °C in micro ohm-
s

inches

,S(hot)=( )L 254.5 if-

STATOR RESISTANCE/PHASE - Cold (._20°C in ohms

i'% •

RSPH(cold ) = ,_)(ns)(Q)(_t)
(m)(ac)(C)2

x 10-6 = (51)(30)(23)(49)_i0

(5)(46)_32)2.

STATOR RESISTANCE/PHASE -Calculated @ X°C in ohms_

RsPH(hot ) = (]_s hot)(ns)(.Q)(2t ) x 10-6(52)(30)(23)(49) _,o°_

(m)(a c )(C )2 (5)(46)(32)2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = 1

I /
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(56)

(57)

(bot)

btm

i 1

f
= 1 +_.584 +

hst) (ns) (f) (ac_

5
2

L I22)(52) _J.

•35 x 10 -3

EDDY FACTOR BOTTOM - The eddy factor of tlle -_ttom

coil at the expected operating tempe,:ature of the

machine. For round wire EF(bot ) = 1

hst)(ns)(f)(a e)
EF(bot ) = (EF(top)) - 1.677 ---- - x 10 -3

L(bs)(4 hot ) J

(F.37)(30)(Sa)(4_]

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

btm- (Q) (bs)- (23) - (22)

Fol_ SUeT tYPe (.C)_ I::l _vl--e..2.
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!

!

!

I
I

I
I

I
I

I
I
I
I

I

I
I

I

(57a)

(58)

(59)

(59a)

(59b)

(60)

bt 1/3

b t

g

g2

g3

C X

15

STATOR TOOTH WIDTH 1/3 distance up from narrowest section

For slots type (a), (b) and (e)

bt 1/3 = (Ts 1/3 ) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm = (57)

For slot type (d)

bt 1/3 = (T1/3)

2V_
3 (bs) = (27) - .94(22) _

TOOTH WIDTH AT STATOR I.D.in inches -

For partially closed slot

if(d) 77(11) _ (22)
b t = _ - b 0 =

For open slot

7/(11). (22)
bt = _- bs =

MAIN AIR GAP in inches

AUXILIARY GAP_ INNER- in inches

AUXILIARY GAP, OUTER - in inches :_

REDUCTION FACTOR - Used in calculating conductor permeance

and is dependent on the pitch and distribution factor.

This factor can be obtained from Graph 1 with an as-

sumed K d of . 955 or calculated as shown

(Kx) (61) "
C X -

(Kp) 2 (Kd)2 i44) 2 (43) 2
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(61) I

KX :

(62)

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot.

For 60 ° phase belt winding, i.e. w_en (42a) = 60

3(y)

K x = 1/4 _m)(q)

1 4 _" 3(31)
K x = / [_[;5"-_---)

or

+ l_where 2/3 = (y)/(m)(q)= 1.0

1_ where 2/3 < <= (31a) = 1.0+
]

where 1/2 ¢ == (31a) " 2/3

I

I
I

I
I

I
- : (31a) : 2/3

For 120 ° phase belt winding, i.e. when (42a) = 120

K x : .75 when 2/3 =<(y)/(m)(q)

Kx = .75 when 2/3 =<(31a) I

or

r24(y) I] I/2 -¢ (y) "2/3 IK x : .OS [(m)(q) - where (m)(q) :

KX = .05 _24(31) _ 1_ where 1/2 =< (31a)--< 2/3 i
[(3)(25) ]

CONDUCTOR PERMEANCE - The specific permeance for I

the portion of the stator current that is embedded
i

in the iron. This permeance depends upon the I

configuration of the slot. m
(a) For open slots •

20 _h2) (hl) (bt)2 __



!

I

I
i

I
I

I
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20 (_2) m) (58)2 .3s(58_
+ 3--(E2] +_-(6o)_-_ ÷i6(26)(59)_TJ

(b) For partially closed slots with constant slot width

= (C _ 20 pho)+ 2(ht) . (hw), (h 1) (bt)2

• _ /_ / I._.._,_l I,,s_.)+ (22) (2i2) i_(_" I] (26)(59)"

(c) For partially closed slots (_at:_ev,..ecl c_,de_)

C 20 Rho ) 2(ht) _(hw) (hl) (bt)2

-_ ,,,,,, 20 1_22) 2(22) t.(22) (22) (58) 2

_i - _°" _:s)(2s)_ +(2_.)+(22)+d_'_,)+_ +_ +

(d) For round slots

,.0F ("o)-]
,_,=(_x)_-L.O_.÷_j

• 35(btq

(%U

(22) (ss)2 .35(58)]

+SP_+_ + (26) j

.35(bt)" _

%)j

.35(58)]

(26) j

(e) For open slots with a winding of one conductor per slot

_.i = (60)_L. _ + +. 6+_ +
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(63)

(64)

(65)

K E
LEAKAGE REACTIVE FACTOR for end turn I

Calculated value (LE)

KE -- Value (LE) from Graph 1 (For machines where (11)> 8") I

where L s = (48) and abscisa of Graph 1 -- (Y)(_s) -- (31)(26)

=_alculated value of (LE) (For machines where (11)_8")

KE _+alue (LE) from Graph 1

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

_'_ = (_)(Kd)2 L-'-_J = (13)(43)2 L- J

The term | 2n | is obtained from Graph 1.
t._ _J

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = • 321(ns)(Q)(ac)_) = • 321(30)(23)(46)(49)

NOTE: This answer is given in lbs. based on the density

of copper. If any other material is used, the

answer on output sheet can be converted by the

designer by multiplying by the ratio of densities.
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(66)

(67)

(68)

(69)

(70)

K S

ge

Ag2
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WEIGHT OF STATOR IRON - in lbs.

#'s iron = . 283 {(btm)(Q) (_s)(hs) + 7T_)- (hc}_ (hc)(_s)_

.283 _57)(23)(17)(22)+TTE2 ) - (24_ (24)(17)_

CARTER COEFFICIENT

Ks:_ _-"_s_- _s__
(For open slots)

K S =
(26) [-5(59) + (22_ - (22) 2

_s E. 44(g)+. 75(bo)-- _

_= _ E._(,_+._o_- _o_"
(For partially closed slots)

K S =

(26)5.44(59) +. 75(22)-_

(261 5" 44(59) +. 75(22)-] - (22)2

MAIN AIR GAP AREA - The area of the gap surface at the

stator bore.

Gap Area : _(d)(_) = "ll(ll) (13)

EFFECTIVE AIR GAP

ge = (Ks)(g) = (67)(59)

AREA OF AUXILIARY AIR GAP

Ag 2 _ 'IT (dg2) 2 _ "W
4 ;I

(87) 2
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(70a)

(71)

(72)

Ag3

C 1

C w

AREA OF OUTER AUXILIARY AIR GAP

Ag 3 : _(dg3_ < _ g3') = (87) (87)

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the actual maximum of the field form -

This term can be an input or output. For C 1 to

be output insert o. on input sheet. For C 1 to be

input, determine C 1 as follows:

For pole heads with only one radius, C 1 is

obtained from curve #4. The abscisa is "pole

embrace" (oc) -- (77). The graphical flux plotting

method of determining C 1 is explained in the

section titled "Derivations" in the Appendix.

WINDING CONSTANT - The ratio of the RMS line voltage

for a full pitched winding to that which would be

introduced in all the conductors in series if the

density were uniform and equal to the maximum

value. This value can be an input or output. For

C w to be an output, insert 0. on input sheet. For

C W to be an input, calculate as follows:

(E)(C 1)(Kd) (3)(71)(43)

C W = =
(EpH)(m) %/2 (4)(5)

Assuming K d = .955, then C W = .9.25 C I

phase delta machines and C W = .390 C 1

phase star machines.

for three

for three

I
I

I
I

I
I

I

I
I

I
I

I

I
I
I

I

I

I

I
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I
I

(73)

(74)

(75)

Cp

C M

C
q

POLE CONSTANT - T_ ral_of the average to the maximum

_ra_ _f _he F1e_ form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input

sheet. For Cp to be an input, determine as follows:

For pole heads with more than one radius Cp is cal-

culated from the same field form that was used to

determine C l' and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

curve #4. Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C M to be an output, insert

0. on input sheet. For C M to be an input, determine

as follows:

C M =

(_)_+sinE(_)v'3(77)77"+ sin E(77)W-]

4 sin E(77) fiT/2-]

C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For C q to be an output, in-

sert 0. on input sheet. For Cq to be an input, deter-

mine as follows:
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(76)

C
q

C
q

1/,._o,E(_)m_.O+(,_)_r-.,_,,[(,_)Tr-]
4_mB_)m2O

1//2 cos E (77) 7F/2_+ (77)77- sin_(77)TT__

4 sin[(77) /T/20

can also be obtained from curve 9.

POLE DIMENSION LOCATIONS

bp2 - width of pole at edge of stator stack (wide end).

bpl - width of pole at end (narrow end).

tp2 - thickness of pole at edge of stator stack.

tpl - thickness of pole at end.

co - length of coil.

p - length of pole.

I

¢ONCE N TI_-.I (

PO LI_ S. I

I

I

I
I

I
I

I
I

I

I

I
I
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I
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I

f

I
t
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(77)

(77a)

POLE EMBRACE

c_ -- (bpl) ÷ (bp2) = (76) -t (76)

2 (T'p) 2 (41)

The next It items deal with the calculation 0_ rotor and
m

stator leakage permeance. A number of illustration_i

are included to help identify and locate the actual

path. This computer program is set up to handle t

permeance calculations two ways. ID
i

1) P1 through P7 can be calculated by the computer

For this case, insert 0.0 on the input sheet.

2)

I

P1 through P7 can be calculated by the designer.n

For this case, insert the actual calculated value

on the input sheet.

Permeance calculations P1 through P7 are all based

on the equations

p _ u (area)

Where u = 3.19

Area = cross-sectional area perpendicular to

I

I

I
I

4
= length of permeance leakage path n

gi

Many of the equations used in this section are taken

from Roter's "Electromagnetic Devices". Refer to

the supplement at the end of this computer design

manual for an explanation of each condition.
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I

(78) ROTOR AND STATOR DIMENSIONS

_g3 - axial length of air gap (g3)

dg 3 - diameter at air gap (g3)

dg 2 - diameter of the circle containing flux in gap (g2)

d s - diameter of shaft (equal to coil inside diameter)

SH - length of shaft (flux carrying portion)

tfp - thickness of flux plate

doc - outside diameter of coil

_co - length of coil (axial length)

FI_ 3

25
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(79)

(80)

(8Oa)

(81)

(81a)

ap

P1

P2

_2

POLE AREA - The effective cross sectional area of the pole.

Ap _- (bp2) (tp2) -- (76) (76)

POLE HEAD END LEAKAGE - This input can be either 0.0

or the actual value if available. Refer to item 86

for explanation. See Figure _,_ for location.

P1 - 3.19 (bpl) (tpl) -_ 3.19 (76) (76)

1 (801_

LENGTH OF PERMEANCE PATH P1 - {i is the length of

permeance path P1 and must be obtained from design

layout. Note this value (_1) must appear as a

input when P1 : 0.0

POLE HEAD SIDE LEAKAGE - This input can be either 0.0

or the actual value if available. Refer to item 86

for explanation. See Figure tq for location.

P2 :" 3.19 _(tpl) + (tp2)] (0p)

2 (_¢2)

c 3.19 [(76)+ (76)] (87__./)

2 (81a)

LENGTH OF PERMEANCE PATH P2 - _2 is the length of

permeance path P2 and must be obtained from design

layout. Note: This value (_ 2) must appear as an

input when P2 = 0.___00

I
I

I
!

I
I

I

I
I
I
I

I

I
I

I

I

I

I
I
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F,_ 6
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(82)

(82a)

(83)

P3

9
3

P4

POLE UNDERSIDE TO FLUX PLATE LEAKAGE PERMEANCE -

This input can be either 0.0 or the actual value if

available. Refer to item 86 for explanation. See

Figure 5 for location.

P3- 3"1913(bpl) 4" (bp2) 1 ('P)
8 " (_--£_3

- 3.19_3 (76)+8 (76).]_

LENGTH OF PERMEANCE PATH P3 - _3 is the length of

permeance path P3 and must be obtained from design

layout. Note: This value (_ 3) must appear as an

input when P2 -- 0.0

POLE UNDERSIDE TO POLE UNDERSIDE LEAKAGE

PERMEANCE

This input can be either 0.0 or the actual value if

available. Refer to item 77a for explanation.

Figure 6 for location.

For 6 poles or more i.e. when (6)

as follows:

*P4 = 3.19 (' p) in _+ (bpl) 4-(bp2) 1
7r (z)

- 3.19 (76) in Fl+ (76) + (76)

Tr C (83)

See

= 6 calculate

I

I

I
I

I
I

I
I
I

I
I

I
I

I

I

I
I

I

I
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(s4)

(86)

P5

P7

where Z-- _P-_-(bpl)+ (bp2)-_-'(41)-_ -
(76) + (76)

For 4 poles i.e. when (6) - 4 calculate as follows:

- 3 ln_4-(bpl t (bp2 _*P4 3.19 (_p) 2 _ .

I

I

I
I

* The formula for P4 is taken from the supplemental
|

at the end of this computer design manual. |

FIE LD COIL LEAKAGE PERMEANCE - This input can be I

either 0.0 or the actual value if available. Refer
II

to item 77a for explanation. See Figure 7 for |

location.

STATOR TO ROTOR LEAKAGE PERMEANCE - This input

can be either 0.0 or the actual value if available.

Refer to item 86 for explanation. See Figure 7

for location.
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I

(37)

33

P7
(dr)l+ 7r(dg2) (_g3)

_7

y. 3.19 m)1"2L lla) -2 (12 12) 2- (1 4 17(78)(78)

(86)

where _7--- (D)- (dr)- (12)- (lla)

2 2

The next set of calculations deals with the no load saturation.

No equation as set up in this section can be used to

calculate the complete no load saturation for any

voltage. When the no load saturation data is

required at various voltages, insert I. on the

input sheet for "No Load Sat". The computer will

then calculate the complete no load saturation

curve at 80, 90, 100, II0, ]20, 130, 140, 150, and

160% of rated volts. When the complete saturation

data is not necessary, insert 0. on the input sheet

and the computer will calculate to 100% volt data.
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(88)

(92)

(94)

(95)

(96)

0T

st

0p

S c

Bg

TOTAL FLUX IN KILO LINES

6(E)106
0W-

(Cw)(ne) (RPM)

_ 6(3)106

(72)(45)(17)

TOOTH DENSITY in Kilo Lines/in 2 - The fluxdensity in the

I

I
I

stator tooth at 1/3 of the distance from the minimum

section.

S,t-

0T _ (88)

(Q)(_ s)(bt 1/3) (23)(17)(57a)

FLUX PER POLE in Kilo Lines

(0T)(CP) (88) (73)
0p-

(P) (6)

CORE DENSITY in Kilo IAnes/in 2 - The flux density in the

stator core

I
I

I
I

I
I

(0p) (92)

Bc = _ - 2(24)(17)

GAP DENSITY in Kilo Lines/in 2 " The maximum flux density

in the air gap !

Sg - (0W) (88)
?F(d)(_ ) - (11)(13) I

AIR GAP AMPERE TURNS - The field ampere turns per pole

required to force flux across the air gap when

operating at no load with rated voltage.

(Bg)(ge) _ (95)(69)
Fg-

3.19 3.19
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I

(98)

(98a)

(99)

F T

F c

F s

07
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STATOR TOOTH AMPERE TURNS

FT = h s _NI/in at density(B t

= (22)rLook up on stator magnetization curve given_
/ J
Lin (18) @ density (91)

STATOR CORE AMPERE TURNS

Fc =
_._ <_c_]

4(P)

"-_r_12)- (24)_

4(6)

NI/in @ density of (Bcl

_uOk up on stator magnetization i

ve given in (18) @ density (94)_

STATOR AMPERE TURNS, total

F s = (F T) +(Fc) = (97)+ (98)

STATOR TO SHAFT AND FLUX PLATE LEAKAGE FLUX -

The leakage flux from the stator to the yoke

and rotor, all of which crosses the auxiliary

air gaps (g2) and (g3)

2

= _104)÷(96)_-(97)4-(98)+(123)2+(120) ] (86) x 10 -3

The items to follow

calculated for variable loads.

are to be

The first set
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(100)

(102)

(103)

OPT

Bp

of calculations are at no load. These cal-

culations will then be repeated for 100%

load. From then on any variation in load

would be a repeat of the 100% load calcula-

tions with the lraimr percent load inserted.

ROTOR LEAKAGE FLUX - at no load

= _(96) %-2(98a)] [(80) + (81)-I-(82) + (83)

TOTAL FLUX PER POLE - at no load

= = (100)OPT 0p ¢- 0j_ (92) ._
p

POLE DENSITY - The apparent flux density at the base

of the pole. Note that no provision is made

in this manual for calculating the density in

the spider section. It is, therefore, important

to remember not to restrict the flux area

through this section.

Bp _- (OPT) _ (102)
Cap) Wq)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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(104)

(108)

(111)

(112)

Fp

_g2

_SH

A s
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POLE AMPERE TURNS - at no load.

Fp =

The ampere turns

per pole required to force the flux through

the pole at no load rated voltage. The no

load pole ampere turns per pole are calculated

the product of (_p) times the NI per inchas

at the density (Bp). Use magnetization curve

submitted per Item (18) for rotor.

(_p) _ NI/in @ density (Bp)J

- ](76) _ Look up on rotor magnetization curve

l given in (18) @ density (103)

FLUX CROSSING THE AUXILIARY AIR GAP - Kilolines

(102) (-_)+ (99)= 2

FLUX IN SHAFT

(_SH = ((_g2) _" ((_5) = (108) _ (11_)

AREA OF SHAFT in inches 2 - cross-sectional to flux

Where A s 'W (ds)2 W" (78) 2=_- :T
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(113)

(114)

(118)

(119)

(120)

Bsh

Fsh

(_5

Bg3

Fg3

FLUX DENSITY IN SHAFT

Bs _ ((_sh)_ (iii)

(As) (112)

AMPERE TURN DROP IN SHAFT

Fsh= _shJ _ NI/inch at density (Bsh)l

: (78) _Look up on shaft magnetization curve]

L ]given in (18) at density (113)

COIL LEAKAGE FLUX

e5 = (P5)L(Fg2)+ 2(Fg)+ 2(FT)+ 2(Fc)4-(Fg 3 _10

= (84) _123) '!- 2(96) "t" 2(97) "1--2(98) + (120):]X I °-3

AUXIlkARY AIR GAP (g3) DENSITY - Note the flux

crossing air gap (g2) is equal the flux cross-

ing air gap (g3)

Bg3- -
Ag3

AUXILIARY AIR GAP (g3)AMPERE TURNS

(Bg3)(_5)O0s): (119) (59b)x,05
Fg3 - 3.19 3. 19

I

I
I

I
I

I

I
I
I
I

I

I
I

I
I

I

I

I

I
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(120a)

(122)

(123)

(127)

Bg2

Fg2

FNL
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YOKE - No provision is made in this manual for calculat-

ing the flux densities in the section designated

Yl and Y2 in the accompanying sketch. Make

sure that the underside periphery of the pole

base times the thickness of the flux plate Yl

is equal to the cross-section of the pole base;

or that the flux plate is equal to the pole

thickness. The pole areas are assumed to be

equal.

AUXILIARY GAP (g2) DENSITY

Bg2 = =
Ag2

AUXILIARY AIR GAP (g2) AMPERE TURNS

_) (g2) x 103 (122) (59a) x 103
Fg2 : 3. 19 - 3.19

TOTAL AMPERE TURNS - at no load. The total ampere

turns per pole required to produce rated

voltage at no load.

FNL = 2(Fg)+2(FT) _- 2(Fc) _-(Fsh)

= 2(96) -_ 2(97) _-2(98) -$ (114)
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(127a)

(127b)

(127c)

(128)

IFNL

E F

SF

A

FIELD CURRENT - at no load.

IFN L = (FNL)/(NF) _- (127)/(146)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

1

1

1
condition,

EF - (IFNL)(Rf cold) = (127a)(154)

CURRENT DENSITY - at no load, Amperes per square

inch of field conductor.

SF : (IFNL)/(acf) : (127)/(153)

I

I

I

I

I
AMPERE CONDUCTORS per inch - The effective ampere

inch of stator periphery. This Iconductors per

factor indicates the "specific loading" of the

machine. Its value will increase with the •

rating and size of the machine and also will I

increase with the number of poles. It will

decrease with increases in voltage or frequency. I

A is generally higher in single phase machines I

than in polyphase ones. I
A = (IpH)(ns)(KP) _ (8)(30)(44)

(C)(_'s) (32)(26) I
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(129)

(130)

X

x_

41

REACTANCE FACTOR - The reactance factor is the

quantity by which the specific permeance must

be multiplied to give percent reactance. It

is the percent reactance for unit specific per-

meance, or the percent of normal voltage in-

duced by a fundamental flux per pole per inch

numerically equal to the fundamental armature

ampere turns at rated current. Specific per-

meance is defined as the average flux per

pole per inch of core length produced by unit

ampere turns per pole.

100(A)(K d)
X=

2 (C1)(Bg) x 103

100(128)(43)

2(71)(95) x 103

LEAKAGE REACTANCE - The leakage reactance of the

stator for steady state conditions. When

(5) : 3, calculate as follows:

Xjl= X_(hi) _-(hE) ] = (129)t(62)÷ (64)]

In the case of two phase machines a component

due to belt leakage must be included in the

stator leakage reactance. This component is

due to the harmonics caused by the concentra-

tion of the MMF into a small number of phase

belts per pole and is negligible for three phase

machines. When (5) _- 2, calculate as follows:



42

(131)

(132)

(133)

(134)

Xad

Xaq

Xd

Xq

1

_ • r 3(y) "7 900_ ['sin 3(31) 90 ° _l

X_ = X [(Ai) ÷ (_E) _" (AB) where YkB = 0 for 3 phase l

machines. 1

Xg = (129) _(62)_" (64) } (130)_ 1

REACTANCE - direct axis - This is the fictitious reactance

due to armature reaction in the direct axis. 1

• 9(Ne_IpH_CMXKd) _ .9 (45)(8)(74)(43)

Xad :(P)_2Fg) 4 (Fg2)÷(Fg3}- 6 [ 2(96)t(123) ÷(120)]

REACTANCE - quadrature axis - This is the fictitious

reactance due to armature reaction in the

!

!

direct axis.

(Cq_[Xad)_ (71)(81)

Xaq : (Cm_C I) (74)(75)

SYNCHRONOUS REACTANCE - direct axis - The steady

state short circuit reactance in the direct axis.

X d : (X_) t(Xad) : (130) ÷ (131)

SYNCHRONOUS REACTANCE - quadrature axis - The

steady state short circuit reactance in the

quadrature axis.

Xq : (X_)_- (Xaq) : (130) t (132)
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(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)
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V r

N F

]_tf

Xf°C

(hot)

PERIPHERAL SPEED - The velocity of the rotor surface

in feet per minute

_T(dr)(RPM) '/T(Iin)(7)
Vr = 12 = 12

NUMBER OF FIELD TURNS TOTAL

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this

item - 0 for round conductor

FIELD TEMP IN °C - Input temp at which full load field

loss is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-

inches. Refer to table given in Item (51)

for conversion fac[ors.

RESISTIVITY of field conductor at Xf°C

_f (hot)= _f L 254.5 5_ _(104)[(xf°c)-i-234. [(150) + 234. 5._L _s-4.s
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(153)

(154)

(155)

(156)

(157)

acf

Rf

(cold)

Rf
(hot)

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute

(102) for (39)

(101) for (33)

COLD FIELD RESISTANCE @ 20°C

Rf (cold) - (ff) .,(N_,)(_tf)
(acf)

= (104)(146)(147)
(153)

HOT FIELD RESISTANCE - Calculated at Xf°C (103)

Rf (hot) = (_f hot) (Nf)(_tf) - (105) (99)(100)

(acf) (106)

WEIGHT OF FIELD COPPER in lbs

#'s of copper : . 321(Nf)(_ tf)(acf)

: . 321(146)(147)(153)

UoT_: ALSO ReF_ "to NOT_. C,_VEN ,_., _v_*a (US)

WEIGHT OF ROTOR IRON - Because of the large number

of different pole shapes, one standard formula

cannot be used for calculating rotor iron weight.

Therefore, the computer will not calculate

rotor iron weight. The space is allowed on

the input sheet for record purposes only. By

inserting 0. in the space allowed for rotor iron

weight, the computer will show "0" on the
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(160) X F
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output sheet. If the rotor iron weight is

available and inserted on input sheet, then

the output sheet will show this same weight

on the output sheet.

THE EFFECTIVE FIELD LEAKAGE REACTANCE (XF)

The reactance which added to "ttm stator leak-

age reactance gives the transient reactance

!

X du"

When unit fundamental armature ampere turns

axe suddenly applied on the direct axis, an

initial field current (If) will be induced. The

value of this initial field current will be just

enough to make the net flux interlinking the

field because of the field current and the arma-

ture current zero. The field ampere turns

will equal the armature ampere turns.

(J_'_2?r(Pe_2J

X F -- (79) (6)

x 10 -6

x 10 -6
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(160b)

(161)

(166)

(167)

Pe

Pr

t

X du

X d

Where Pg =
3.19(_p)(_s)(Cp) : 3. 19(41)(17)(73)

(ge) (69)

, ,
Where g e = [ge)[ 2(Fg} ) (69) [2(96)*(123)+(120)][2(96) )

FIELD LEAKAGE PERMEANCE

Pe = P1 _ P2 + P3 -t- P4 ¥ P5

= (80)+ (81) + (82) + (83) _-(84)

ROTOR LEAKAGE PERMEANCE

: (80) ÷ (81) v (82) e (s3)

FIELD SE LF-INDUCTANCE

Lf : (Nc)2 Pe : 2(146) 2(160a)

UNSATURATED TRANSIENT REACTANCE

X'du = (X¢) 4-(Xf) : (80) +-(112)

SATURATED TRANSIENT REACTANCE

! T

Xd : "88(Xdu) = "88(166)



I

I

I
I

I
I
I

I
I

I
I

I
I

I
I

I

I
I

I

(168)

(169)

(170)

(172)

X" d

T!

Xq

X2

X o
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SUBTRANSIENT REACTANCE in direct axis

" X' dX d = ( ) = (167)

SUBTRANSIENT REACTANCE in quadrature axis

TT

X q : Xq - (134)

NEGATIVE SEQUENCE REACTANCE : The reactance due

to the field which rotates at synchronous speed

in a direction opposite to that of the rotor.

- ]Ix x]= " "d q =X2 5 , 5 168) _ (169)

ZERO SEQUENCE REACTANCE - The reactance drop

across aff_y one phase (star connected) for unit

current in each of the phases. The machine

must be star connected for otherwise no zero

sequence current can flow and the term then

has no significance,

If (28) : 0 Then X o : 0

If (28) _ 0 Then

-4---__ ÷ • 2(_E)

(m)(q)(Kp)2(Kd) 2(bs )

: (79)_ _(62)_(175)]¢ 1. 667 [(22)+2(22)] "t" 2(64)(5)(25)(44)2(43)2(22) *



48

(173)

(174)

(175)

(176)

Kxo

Kxl

)% Bo

!

T do

If (30) = 1 Then Kxo _- 1

If(30)I 1 3(Y)
Then Kxo = (m)(q)

- 2

3(31)_ 2
(5)(25)

If (30)= 1 Then Kxl- 1

If (30) t 1 Then:

Kxl =_(m)(q) "_ = _(5)(25) ÷
If (31a) m---. 667

_/- 3(Y) 17 [" 3(31)
Kxl .... 7[ =

=j

If (31a) _ . 667

ABo- (Kxo) [.07(Aa) ]

(Kp) 2

(173) [. 07(175)]
(44)2

Where 2% 6. 38(d) _ 6. 38(11)
a = (P)(ge) 6(69)

OPEN CIRCUIT rIME CONSTANT - The time constant of

the field winding with the stator open circuited

and with negligible external resistance and in-

ductance in the field circuit. Field resistance

at room temperature (20°C) is used in this

calculation.

' LF (161)Tdo=
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(177)

(178)

(180)

(181)

W a

T

Td

FSC

SCR
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ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation si_ttor resistance

at room temperature (20_:;) _s used.

X 2

Ta - 200 n'(f)(ra)

(170)

- 200 )r(5a)(177)

Where: ra : (m)(IpH)2(RsPH cold) _ (5)(8)2(53)
Rated KVA ...... (2)

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

?

' (X'd) (T do ) (167) (176)

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator cm'rent when

the stator is short circuited.

FSC - (Xd)(Fg) : (133)(96)

SHORT CIRCUIT RATIO - The ratio of the field current

to produce rated voltage on open circuit _o the

field current required to prl_*uce rsted current

on short circuit.
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(182)

(183)

I2R F

F&W

Since the voltage regulation depends on the

leakage reactance and the armature reaction,

it is closely related to the current which the

machine produces under short circuit condi-

tions, and, therefore, is directly related to

the SCR.

SCR - FNL - (127)
FSC

FIELD !2R - at no load. The copper loss in the field

winding is calculated with cold field resistance

at 20°C for no load condition.

Field I2R : (IFNL) 2 (Rf cold) = (127a) 2 (154)

FRICTION & WINDAGE LOSS - The best results are ob-

tained by using existing data. For ratioing

purposes, the loss can be assumed to vary

approximately as the 5/2 power of the rotor

diameter and as the 3/2 power of the RPM.

When no existing data is available_ the follow-

ing calculation can be used for an approximate

answer. Insert 0. when compu_.er is to cal-

culate F&W. Insert actual F&W when avail-

able. Use same value for all load conditions.
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(184)

(185)

WTNL

W C

F&W : 2.52 x 10 -6 (dr) 2°5 (_.) (RPM)I. 5

= 2.52 x 10 -6 (lla) 2. 5 (76) (7) 1" 5
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STATOR TEETH LOSS - at no load. The no load loss

(WTN L) consists of eddy current and hysteresis

losses in the iron. For a given frequency the

no load tooth loss will vary as the square of

the flux density.

WTNL = . 453(b t 1//3)(Q)(_s)(hs)(KQ)

= . 453(578)(23)(17)(22)(18_)

Where KQ = (k) = (19)

STATOR CORE LOSS - The stator core losses are due

to eddy currents and hysteresis and do not

change under load conditions. For a given

frequency the core loss will vary as the

square of the flux density (Bc).

W c = 1.42 _(D) - (ha) _ (hc)(_s)(KQ1)

= i.42_12)-(24)_(24)(17)(185)

Where KQ1 = (k) = (19)
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(186) WNPL POLE FACE LOSS - at no load. The pole mtrface losses

are due to slot ripple caused by the stator

slots. They depend upon the width of the

stator slot opening, the air gap, and the stator

slot ripple frequency. The no load pole face

loss (WpNL) can be obtained from Graph 2.

Graph 2 is plotted on the bases of open slots.

In order to apply this curve to partially open

slots, substitute b o for b s. For a better

understanding of Graph 2, use the following

sample:

K 1 as given on Graph 2 is derived empirically

and depends on lamination material and thick-

ness. Those values given on Graph 2 have

been used with success. K 1 is an input and

must be specified. See Item (151) for values

of K I.

K 2 is shown as being plotted as a function of

(BG)2. 5. Also note that upper scale is to be

used. Another note in the lower right hand

corner of graph indicates that for a solid line

( ), the factor is read from the left scale,

and for a broken or dashed line (

!
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the right scale should be read. For example,

find K 2 when BG - 30 kilolines. First locate

30 on upper scale. Read down to the inter-

section of solid line plot of K 2 = f(BG )2" 5

At this intersection read the left scale for K2.

K 2 - .28. Also refer to Item (188) for K 2

calculations.

K 3 is shown as a solid line plot as a function

of (FSLT) 1" 65 The note on this plot indicates

that the upper scale X 10 should be used.

Note FSL T , slot frequency. For m_ example,

find K 3 when FSL T _- 1000. Use upper scale

Xl0 to locate 1000. Read down to intersection

of solid line plot of K 3 = f(FSLT) 1" 65 At

this intersection read the left scale for K 3.

K 3 = 1.35. Also refer to Item (189) for

K 3 calculations.

For K 4 use same procedure as outlined above

except use lower scale. Do not confuse the

dashed line in this plot with the note to use

the right scale. The note does not apply in

this case. Read left scale. Also refer to

Item (190) for K 4 calculations.
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(187) K1

For K 5 use bottom scale and substitute b o

for b s when using partially closed slot.

Read left scale when using solid plot. Use

right scale when using dashed plot. Also

refer to Item (191) for K 5 calculations.

For K 6 use the scale attached for C1 and

read K 6 from left scale. Also refer to

Item (192) for K 6 calculations.

The above factors (K2) , (K3) , (K4) , (K5) , (K 6)

can also be calculated as shown in (188), (189),

(190), (191), (192)respectively.

WpN L _- _/'(d)(_) (K1)(K2)(K3)(K4)(K5)(K6)

= _T(11)(13)(187)(188)(189)(190)(191)(192)

K1 is derived empirically and depends on lamination

material and thickness. The values used

successfully for K 1 are shown on Graph 2.

They are:

K1 = 1. 17 for . 028 lam thickness, low carbon steel

= 1.75 for . 063 lam thickness, low carbon steel

= 3. 5 for . 125 lam thickness, low carbon steel

_- 7.0 for solid core

K 1 is an input and must be specified on input sheet.

I
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(188)

(189)

(190)

K 2

K 3

K4

K 2 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

K 2 = f(B G) = 6.1 x I0 -5 (BG) 2°5

- 6. 1 x 10 -5 (95) 2. 5

K 3 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

K 3 = f(FsLT) = 1.5147 x 10 -5 (FSLT) 1" 65

= 1. 5147 x 10 -5 (189) 1" 65

(RPM) (Q)
Where FSL T = 60

(7) (23)
:_0-

K 4 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

TFor s = • 9

K4 ffi f(_['s) = • 81("['s) I" 285

= .81(26)1. 285

For 9 < _s •. = =2.0

K 4 = f(Ts) = .79('_s) 1"145

= .79(26)1. 145

55
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(191) K5

For _-s > 2.0

K4 = f("is) - • 92("is)" 79

: . 92(26)" 79

K 5 can be obtained from Graph 2 (see Item 186 for ex-

planation of Graph 2) or it can be calculated

as follows:

For (bs)/(g) = 1.7

K5 : f(bs/g)--.3 _bs)/(g)]
2. 31

- . 3 _22)/(59)] 2.31

NOTE' For partially open slots substitute b o

for b s in equations shown.

For 1.7 <, (bs)/(g) =< 3

K 5 - f(bs)/(g) - . 35 bs)/(g

:.35 _22)/(59)] 2

For 3 < (bs)/(g) _ 5

K 5 : f(bs)/(g ) = . 625 _bs)/(g)] I. 4

: . 625 _22)/(59)] i. 4
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(192)

(194)

(195)

(196)

K6

I2R

m'm
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For (bs)/(g)>.,_5._: _ ......

- ............... _ L_K 5 - f _(bs) /(g : 1.38 bs)/(g .965

_i"i:: 38 .965

K 6 can be "obt_ned from GraPh 2:(see item 186 for ex-

planation of Graph '2) or it can be calculated

as follows:

i6= f(C1) = 1O _9323(C1) - 1.69596_

- 10_9_3(71)- 1.60596]

STATOR I2R - at no load. This item = 0. Refer to

Item (245) for 18_load stator I2R.

EDDY LOSS - at no load. This item = 0. Refer to

Item (246) for 100% load eddy loss.

TOTAL LOSSES - at no load. Sum of all losses.

Total Losses . (Field I2R) + (F&W) _- (Stator Teeth Loss)

+(Stator Core Loss)+ (Pole Face Loss)

- = (182) + (183) +- (184) +_ (185) -l-(186)

NOT E: The output sheet shows the next items

to be: (Rating), (Rating-b Losses), (%

Losses), (% Efficiency). These items
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(196a)

(198)

(198a)

ed

0

do not apply to the no load calculation

since the rating is zero. Refer to

Items (175), (176), (177), (178)for

these calculations under load.

The N.L. calculations should all be repeated

now for 100% load.

LEAKAGE FLUX PER POLE at 100% load

0_ = 0_ ((ed)(Fg) t(Fg)[-1-i-_.cos(0)](FT)5¢ (Fc)(FT)_- (FC)

_._ (198)(96)+ _1i.os(x98a)] (97) v(98)
= (100) (96) ¥ (97) _-(98)

Where e d = cosE "1" (Xd) sin

= cos(198a) -I-(83) sin (198b)

Where 0 = cos-1 _Power Factor)]

= cos-1 _(9)]

Where _ tan-1 5in (0)_-(Xq)/(lO0)]

= L cos (0) J

tan-1 [sin(198a) +-(134)/(100)_
__ cos(198a) J

Where _ = _- 0 = (198a) - (198a)
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(207)

(213)

(213a)

(213b)

(213c)

(_PL

(_PTL

BPL

FpL

59

FL__UX LF_C_G___E_E FROM STATOR TO ROTO___._RR

FLUX PER POLE at 100% load

For P.F..0 to .95

0pL : (0p)I(ed) -

: (92) _198) -

.93(Xad) sin (_)
100

.93(131) sin (198a)
100

For P.F..95 to 1.0

(_PL = ((_P)(KcJ - (92)(9a)

TOTAL FLUX PER POLE at 100% load

(_PTL " _PL +" _ = (213)-_ (196a)

FLUX DENSITY AT BASE OF POLE at 100% load

OPTL_ (213a)

BpL - ap _T-

AMPERE TURNS PER POLE at 100% load

FpL: (_p) N-I/in @ density (Bpl)]

(76)
_LooR up _nper e turns/inch on rotor_

magnetization curve given in (18) atJ

__ density (213b)



+0 I
• I

(221) <_g2L TOTA_____L_LFLU__X IN AUXILIAR__Y AI__R GA__P under load I

_g2L : (_PTL) (P)_-_

: (213a) +(6) . (207) I
-_--_

(224) Bg2L FLUX DENSITY IN AUXILI'ARY AIR GAP under load I

+_+"'=(A+:2)=_ |

(225) Fg2L AUXILIARY AIR GAP AMPERE TURN DROP under load I

F_2L : (B_2L) (g2) x 103 : (224) (59a) x 103 •

° ° 3.19 3. 19 I

(226) (_5L COIL LEAKAGE FLUX UNDER LOAD I

+5L : P5 _(ed)(Fg)-I-_Fg2L)..I-(Fg3L)+2(FT)[i-I-co+<:0+]>_,++l

:<8++<,9 +.,.cos<++++],,+-i
(230) Bg3L AUXILIARY GAP (g3) FLUX DENSITY - note the flux in !

air gap (g2) is equal to flux in gap (g3)

B-o- - (l_g 2L) - (221)

go,. - (Ag3) - _ I

I

I

I
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(231)

(231a)

(232)

(233)

(236)

(237)

(239)

Fg3L

(_SHL

BSHL

FSHL

FFL

IFFL

61

AUXILIARY GAP (g3) AMPERE TURN DROP under load

(Bg 3L)(g3) x 103 (230)(59b) x 103
Fg3L = _% 19 = '3. 19 "

SHAFT FLUX

0SHL = (0g2L) _- (05L) - (221) {- (226)

SHAFT DENSITY

(0SHL) (231a)

BSHL = (As) :

SHAFT AMPERE TURN DROP

- (78) _ Look upon shaft magnetization curve @]

density (232)

TOTAL AMPERE TURNS PER POLE under load

FFL = (FsHL)_(Fg2L)'_ (Fg3L)_- 2(Fg)(ed)+ 2(F T) i+ cos(0)]

= (233)t(225)-%-(231)4- 2(96)(198)+ 2(97) _+cos(198a)_

FIELD AMPERES under load

(FF L)

IFFL = (NF)'

CURRENT DENSITY at 100% load

Current Density = (IFFL)/(acf) = (237)/(153)



I
62

I
(238) EFF L FIELD VOLT______Sat 100% load - This calculation is made with

: hot field resistance at expected temperature at l

100% load. I

Field Volts = (IFFL)(R f hot) = (237)(155) I

(241) I2RFL FIELD I2R at 100% load - The copper loss in the field

winding is calculated with hot field resistance I

at expected temperature for 100% load condition. I

Field I2R = (IFFL)2(RF hot) = (237)2(155) l

(242) WTF L STATOR TEETH LOSS at 100% load - The stator tooth l

loss under load increases over that of no load

because of the parasitic fluxes caused by the I

ripple due to the rotor damper bar slot l

openings.

< olo:
NOTE (Xd) is in per unit

WpFL =_(sc)(PH) - 1--0-0 (ns)] -_- 1 I

I

I
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I

(245)

(246)

(247)

(248)

I2R L

63

f[(242)(8) 1 (30)] 2

={L (32)(96) _] _
1 } (186)

(Ksc) is obtained from Graph 3

STATOR I2R at 100% load - The copper loss based on the

D.C. resistance of the winding. Calculate at

the maximum expected operating temperature.

I2R : (m)(IpH)2 (RsPH hot) (% Load)
100

- (5)(8)2 (54) I.

EDDY LOSS - Stator I2R loss due to skin effect

Eddy Loss = _EF top)t2 (EF bot) -1]

f(55) +(56) 1] (173)" " 2 l

(Stator 12R)

TOTAL LOSSES at 100% load - sum of all losses at 100%

load.

Total Losses = (l=lel.i_ I2R)1-(F&W)-t-(Stator Teeth Loss)

_-(Stator Core Loss) + (Pole Face Loss)

+(Stator I2R) + (Eddy Loss)

= (241)+(183) t(242)+(185) "1-(243) t-(245)t (246)

RATING IN KW at 100% load

Rating = 3(EpH)(IpH ) (P.F.) (% Load)x _L__100 Io00

3(4)(8) (9)(1.) _. _.L.__" Io00



64

(249)

(250)

(251)

RATING & LOSSES : (248)4- (247)_10 -3

% LOSSES : Losses]_ating 4-

_ _/_ _00
% EFFICIENCY = 100% - % Losses

: 100% - (250)

Losses) 100

Item (160) through (178) are 100% load calculations.

These items can be recalculated for any load condition

by simply inserting the values that correspond to the

(% Load)
% load being calculated. The factor 100 takes care

of (IpH) as it changes with load.

Note that values for F&W (183) and W C (Stator Core

Loss) (185) do not change with load, therefore, they can

be calculated only once.

I

I
I

I

I

I
I

I
I

I
I

I

I

I

I

I

I

I

I



I

I SUPPLEMENT TO DESIGN MANUAL

FOR PERMEANCE CALCULATIONS

I Permeance (P) is the property of a magnetic circuit, ol any part of a

circuit, which determines the total flux corresponding to a give. mmf

an indicated in the expression -

I O z F P -" mmf x permeance

From "Standard Handbook for Electrical Engineers" A. E. Knowltos.

i "/th edition, McGraw-Hill. Section 4-310

Magnetic Permeability (tO is that property of an isotroplc medium

which determines under specified conditions, the magnitude relation

I between magnetic induction and magnetizing force in the medium
usuaUv expressed -

B

it- h--

I Same reference 6action 4-308.

F . Flux Line/inch 2
or air it- 3.19 Ampere Turns/inch

I The fnUowing formulas are from Roter*l"Electromagnetic Device s'

Parallel planes of infinite extent

I

where & area

I = length of flux path
!

_.ll_itAt_i.it. l_qS% oF m_tmtca U(_SmT

I _UADRANT OF _PR_fl!CAL SHE l.l.

t_US IF RSAI¢ ItLQJl IJWIS

I

I

I

_elm length of flux path is --_ (t 4" g)

Maximum area of flex path is -

3 Irg 3 7/" 3
- T=T(t *tg)

Average area of path ha considered to be -

rr

_-t (at g). t_

_- t(ttg) aed p:? -___._(____. _-

E

Special inrmulas for .se in estimating permeances of flux paths.

SEM1-CIRCULAH CYLINDRICAL VOLUME

dean length of flux line has been found by graphical measurement to be

l._t2 g.

Mean area of flux path found by dividing the entire volume by mean

length of flux path Is,

M .... a'- _Sg--_X__g : 0.322 g_p

P--" _T=_: O. 26 u_ ,_p

HALF ANNULUS

: IM rsl_ (OI_pUTaa IDISIG,N _NUAL Ir_e t, yMlIOL | WAS (.H*M4I[lP

e1'0 S TO A_OID coMeulll i_1 _JITMI 4_ _|W aa_')

Assume the mean length of the flux path to be _(K_) and the average area

of the path to be tl_ then

p_ ua=1_tJe -0 S4

_l.a. i)(3 t P: u___ h_ (14--_)

SPE_RICAL QUADRANT

UDCU$ 04' t4IAN FLUX klNlS

f, ",1

By graphical mea_surement, the mean flux line is I. 3 g. Volume of

I/3_(-[F) 3 , hence mean area of flux path is -quadrant is

3

1.3g

and the prmeanee/s

p-- tLIt=

! l.Sg
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PASS

1

2

3

7

9

10

11

12

13

14

FORMAT(EIIo5,EII.5,EII.5,EII.5,EIIo5,E11.5)

FORHAT(F7oO,F7.O,F7.O,F7oO,F7oO,F7.0,F7.0,F7oO,F7.0,F7oO)

FORMAT(gX F12o5,2X F12.5)

READ2,VA, EE,EP,PN,F,PXpRPH,PIpPF,CK

READ2pPOLpDIpDUpCL_HVpBV,SFpWL_BK_ZZ

READ2pRO,BIpB2,B3pBS_HOpHX_HY_HZ,HS

READ2,HT,HW,QQ,W,RFpSC,YY,C,DW,SN

READ2,SNIpDWIpDB,CE,SH,SD,PBA_SK,TI,RS

READ2,AI.G3,DG3,DG2pGCpG2pG3pCIpCWgCP_EL

READ2,CH,CQ,PE,BPIpBP2pTPIpTP2pALP,DR,WR

READ2,DI,TFP,DFP,DSI,ALSH,PI,P2,P3,P4,P5

READ2pP7pALI,AL2,AL39DCI,ALCOpPTpFEpRD,RT

READ2pT2pRR,SNLpWF

SS=SF*(CL-F4V*BV)

HC=(DIJ-DI-2oOWHS)*Oo5

QN=QQ/(PX*PN)

TS=3oI42*DI/QQ

IF(zz-.4. o) 9,io,9

TT: (0.667*HS+D I)*3.142/QQ

GO TO 11

TT=((2.0*HO+BS)*O.66+DI)*3.14161QQ

IF(ZZ-I.O)12,12,13

CC=(5.0*GC+BS)*TS/((5.0*GC+BS)*TS-gS*BS)

GO TO 14

q(_- (4.. 44"G C+O. 7 5*gO) *TS

CC:QC/(QC-BO*gO)

CS=YY/(PN*QN)

IF(CS-I.O) 15, 15, 16

I

I

I

I

I

I

I
I

I

I

I

I

I

I

I

I

I

I



I2

I

I
I

I
I

I
I
I

I

I
I

I
I
I

I

I

I

I

15 IF(CS-0.5)16,16,17

16 PRINT2_ 111.0

GO TO 7

17 TP=3. 142"DI/PX

IF(SK) 18, 18, 19

18 FS=I.0

GO TO 20

19 FS=SIN(I.571*SK/TP),*TP/(I.571*SK)

20 ZY=PX_PN

IF(PBA-60o) 21,21p 22

21 D=I.0

GO TO 23

22 D=2oO

23 U=OoO

24. U=U+I.O

DM=U'_ZY

IF(QQ-DH) 26,25,24.

25 DF=,S 11'4( 1 ° 571 *D/PN ) / (O/,l*g*s I N( 1.571 / ( PN'kQN) ) )

GO TO 27

26 DF=S I N( I .571*DIPtl)I(QQ*D*SII,I( I .571/(QQ*PN) ) )

27 CF=S I N(YY*I. 57 I/(PN*QI_) )

EC--QQ_S C*C F*F S/r,

GE=CC*GC

IF(CI)29,28,29

28 CI=O°649*LOG(PE)+I.359

29 IF(CW)30,30,31

30 CW=O°707:_EEWCI*DF/(EP*PN)

31 IF(CP)32,32,33

32 CP:PE:V(I.OG(GC/TP)*.0378+I.191)



33 IF(EL)34,34,42

34 IF (RF)'_5,35,41

35 IF (PX-2.O)36,36,37

36 U-1.3

GO TO 40

37 IF (PX-4o0)38,38,39

38 U=l o 5

I

I

I

I
GO TO 40

39 U:1o7

40 EL=3 o 142,*IJ*YY*(D I+HS)/QQ+O.5

GO TO 42

41 EL=2oO*CE+3.142*(0.5,*HX+DB)+YY*TS*TS/SQRT (TS*TS-BS*BS)

I

I

I
42 1F (CM)43 ,43 ,44

43 AA=SIN(3. 142"PE)

A@=S IN( I. 57 I*PE) *4.0

CM=(3. 142*PE+AA)/A@

44 IF (CQ)45,45,46

I

I

I
45 AA=1o571*PE

AB=301416*PE

CQ=(Oo5WCOS(AA)+AW-SIN(AB))/(4°OWSIN(AA))

46 RB=(T1÷234.5)*O.OO394=_RS

PRINT3pSSpCCpFJCpGEpTSpCIpTTpCWpFSpCPpDFpELpCF,CMpEC,CQ

PUNCF11

PUNCH I

PUNCHI

PUNCFJl

PUNCHI

,VApEE,EPsPNpF,PX

pRPflpPI,PF,CKpPOL,DI

,DU,CL,SS,HC,SF,QN

,WI.,BK,ZZ,@O,BIpB2

,B3pBS,FJO,HX,HY,HZ

PUNCHI,HS,HT,FJW,QQ,W, RF

PUNCHI,SC,YY,C,TS,SN,DB



4

I
I

I
I

I
I
I

I

I
I

I
I
I
I

I

I

I

I

PUNCH I, CE, SH l, SD _,TT, SK, Rli

PUI4CFI I, AL.COpTPpDI,FEpRDpRT

PUNCHIpT2pRR_SNI. pWFpPEpSNI

PUI',ICFII_DWIjlIPIpIIP2pTPI sTP2,ALP

PUNCHIpDR_WRgTFPpDFPpDSI _ALSH

PUNCII I pP I _P2p P3, P4, P5, P7

PUNCH I_RSpGCpPTpCIpCWpCP

PUNCH IpELpCI'I,CQpDWpCC_PlIA

PUNCH IpGEBCSpCF_FSpECpDF

PUNCH I, ALG3, DC I, DG3, DG2p ALI _ AL2

PUNCH I p AL3, ALCO, G2, G.3

PAUSE

END



PASS

I

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

DT=DWI

2

FORMAT(E11o5,E11.5,Ello5,E11.5,E11°5,E11.5)

DIHENSION DA(8),DX(6),Dy(B),DZ(8)

,VA, EE,EP,PN,F,PX

,RPM, PI,PF,CK,POL,DI

,DU,CL,SS,HC,SF,QN

,WL,BK,ZZ,BO,BI,B2

,B3,BS,FIO,HX,HY,HZ

,HS,HT,HW, QQ,W,RF

,SC,YY,C,TS,SN,DB

,CE,SH,SD,TT,SK,RB

, ALCO,TP,DI,.FE,RD,RT

,T2,RR,SNL,WF,PE,SNI

,DWI,iPI,BP2,TPI,TP2,ALP

,DR,WR,TFP,DFP,DSI,ALSH

,PI,P2,P3,P4,P5,P7

, RS,GC,PT,CI,CW, CP

, EL,CH,CQ,DW, CC,PBA

, GE,CS,CF,FS,EC,DF

_ALG3,DCI,DG3,DG2,ALI,AL2

,AL3,ALCO,G2,G3

IF(ZZ-3.0)49,50,51

49 SM..TT-BS

GO TO 53

50 SM=(3.1416*(DI+2.*HS)/QQ)-B3

GO TO 53

51 IF(ZZJ_.O)50,52,49

52 SM-'TT-BS*(O.554-O.8_SwHo/Bs)



I 6

I

I

I

53 HM=CL+EL

IF(DT) 61,61,62

61 AC=O.785*DW*DW*SN1

GO TO 72

62 ZY=O.O

I

I

I

I

DA(1)=O.05

DA(2)=0.072

DA(3)=O. 125

DA(4)=O. 165

DA(5)=O. 225

DA(6)=0.438

DA(7)=0o688

I

I

I

DA(8)=I .5

DX(I)=0.000124

DX(2)=0.00021

DX(3)=0o00021

DX(4)=0.00084

I

I
I

DX(5)=0.00189

DX(6)=0.00189

DY(I)=0.000124

DY(2)=0o000124

DY(3)=0.00084

I

I

I

DY(4)=0,00084

DY(5)=0.00189

DY(6)=0°00335

DY(7)=0.00754

DY(8)=0.03020

DZ(1)=O.O00124

DZ(2)=0.000124



oz (3) =0. ooo 124

DZ(4)_0o00335

DZ(5)=0.00335

DZ (6)=0.OO754

DZ(7)=0.0134

DZ (8)---0.03 02

63 IF(DT-.05)201,200,200

200 JA=O

JB=O

JC=O

JD=O

64 JA--JA+I

JB=Ji_+l

JC=JC+I

JD=JD+I

IF (DT-DA(JA) )65,65,64

201 D=O

IF(ZY)71,71,54

65 IF(D_I-(]. 188)66,66,67

66 CY,,DX(,Ji_-|)

CZ=DX(J_)

GO TO 70

_7 IF (DW-0.75)68,68,69

68 CY,=DY(JC-I)

CZ--DY(JC)

GO TO 70

69 CY-.DZ(JD-I)

CZ..DZ(JD)

70 D-CY+(CZ-CY)*(DT-DA(JA-I) )/(DA(JA)-DA(JA-I) )

,/



I

I
I
I

I

I
I
I

I

I
I

I
I
I
I

I

I

I

I

71

72

73

74

54

55

203

202

204

IF(ZY)71,71,54

AC= (DT*f)W-[))*S III

IF (RT) 73 j.73 p7/+

AS=Oo 785*RD_rR[)

GO T() 55

ZY=I oO

DT=RT

DW=RD

GO TO ()3

AS=RT _'_P,D-D

S=P I/(C*AC)

CY=PT *FE*OoOOOOOI/AS

FK=RF_' CY

FR= (T 2+23 4.5 )*F K*O. 00"_94

RC=O.321*PT *FE'VAS

IF(SlI)202,203,202

ET=I

EB=I

GO TO 204

AA=Oo584+(SN*SN-I°O)*O.O625*(SD*CL/(SH*HH) )**2.0

AB= (SII*SC*F*AC /(BS*RB ))**2 ,,O

ET=AA*AB*O. 003 35+ Io0

EB=ET-O oOO 168"AIl

RY=SC*QQ*O °O00OO I*HH/( P N*AC*C" C )

RG=RS*RY

RP=RB*RY

A=P I"rSC*CF / (C*TS)

PUNCHI•VA,,EE, EP• PI,I•F,,PX

PUNCHIpRPI'IpP I,PF,CK,POL•D I



PUNCFII,[)lJ,

PUNClI1 ,WL_,

PUNCFII ,B3,

PUNCIII jIIS,

CL_SS,IIC,SF,QN

IIK,ZZ, BO, B I_[I2

13S_IIO,HX,HY,IIZ

lIT,HW, QQ, W, FtF

PUNCIII_SC,YY,C,TS,SN_DB

PUNCIII,CE,SH_SD_TT, SK,R[{

PUNCIII, ALCO,TP,D I,FEpP, D_RT

PUNCIIIpT2,RR, SNI.,WF,PE,SNI

PUNCIII,DWI ,BPI ,BP2s, TPI_TP2,ALP

PUNCIII,DR,WR,TFP,DFP,DSI,ALSH

PUNCHI,PI _P2,P3 _PL_,p.S,P7

PUNCIll, RS,GC,PT,CI,CW,CP

PUNCH1, EI_,Ct'i,CQ,DW,CC,PBA

PUNCI!I, (-IE_,CS, CF, FS 1,EC, DF

PUNCH1 ,ALG.3 _[)CI,[)G3 _DG2,ALI,AL2

PUNCII I, AL.3, At.CO, G 2_(L3,A

PUNCIII ,IIM,Sti,AS,AC, ET,EB

PUNCIII,S,FK,FR_RC,P,G,RP

PAUSF

END

9 I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I10

I
I

I

I
I

I
i

I
I

I
I

I
I

I
I

I

I

I

PASS

I

105

IO6

107

108

109

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READ

READ

FORMAT(E11.5,E11o5,EI1o5,E11.5,EIIo5,E11o5)

pVApEE_EPpPNjF,PX

pRPM, PI_PF,CK,POI.,DI

pDU,CL,SS,HC,SF,QN

pWL,_K,ZZ,BO,BIpB2

,B3,BS,HOpHXpHY,HZ

,HS,HT,HW,QQ,W,RF

pSCpYYjCpTS,SN,DB

pCE_SH,SDpTTpSK,RB

j AI-COpTPpDI,FEgRD,RT

pT2,RRpSNI, pWF,PEpSNI

_DWIjBPIpBP29TPIpTP2,AL'P

_DR,WRgTFPg[)FP_DSIpALSH

_._IpP2pP3,P4_PS,P7

RSpGCpPT,CI_CW_CP

• EL_CM, CQ

, GE,CS,CF

,ALG3,DCI,

,AI.3,ALCO,

,DW,CC,PBA

•FS,EC,DF

DG3_DG2,ALI,AL2

G2,G3,A

I,H_,SM,ASpAC,ET,EB

IpS,FK,FR,RC,RG,RP

I F(PBA-60.O) 105,105, I08

IF (CS-0o667) 106,106,107

FF=0o25-(6°0-CS-I.0)

FF=Oo25"(3 °*CS+I.O)

GO TO 75

IF (CF-0o667) 109, 10.9, 110

FF=0.05"(24o0"CS-IoO)



11

GO TO 75

1 | O FF:Oo 7.5

75 CX=FF/(CF `'_CF:vDF'_DF )

Z:C X*20o 01 (PtF'QN)

BT=3 o ll_2_'_D I/QQ-BO

Z A=BT_'_BT / ( 16. O_'_TS'V(-_C )

Z B= O,,.35_'_BT/T S

ZC=H()/B()

Z D:l-IX:'q)o!433/BS

ZE=HY/BS

IF(ZZ-2oO) 76,77,78

76 PC=Z"_(ZE+ZD+ZA+ZB)

GO T() I_2

77 PC=Z-,(zc-,-( 2, O"q'lT / (BO+BS)) +(ttW/BS )+ZD+ZA+ZB)

GO TO 82

78 IF(ZZ-_.O) 79,80,81

79 PC=Z:'_(ZC+(2.O"q-IT/(BO+B1 ) )+(2oO;',HW/(BI+B2) )+(HX_"O,,333/B2)+ZA+ZB)

GO TO 82

80 PC=Z_'_(ZC+O o62)

GO TO 82

81 PC=Z_(ZE+ZD+(O.5_GC/TS)÷(Oo25:'TS/GC)+O° 6)

82 EK=EI.I( I0.0='_=_(0. I03_YY='_TS+Oo _02))

IF(DI-8.0) 83,83,84

83 EK:SOPT (EK)

88. ZF=,,(il2*LOG (I O,O=_CS)

'EW=6 o28:'_EK=_ZF='_(TP:'_*(0 o6 2- (0,228-I.0G (ZF)) ) )/ (CI.*DF*DF)

87 ZA=3,1416*(DI*HS)/QQ

IF (ZZ-3,0) 88,89,88

88 TH=ZA-BS

I

I

I

I

I

I

I

i

I

I
I

I

I

I

I

I

I

I

I



I
I
I

[;9

5O

Z..l_6

GO TO !)O

TH=(3. 1416;_(D 1+2._qtS)/QQ)-B3

w I = ( T t I:_'Q()S SS-'qt $4- ( DU-HC ) "3 o | 42_HC_' S S ) *0 o 283

IF (WF)1_45,44(_,41_5

WF=2.52E-6-," ( DP,**2.5 ) *A[. P*P, PI i_: 1.5

I

I
I
I

I

I

I

4_5 WC= oj 21 _qll I:_QQ_AC:_S C

PU_4CItl ,VA, EE, EP, PI,I,F, PX

PUHCttl ,ftPl_, P I , PF,CK, POL, D I

PUtIC_tl, DIJ, CL, SS,14C, SF, QN

PIJNCttl,WL,BK,ZZ,[_I),F_I,B2

PUtJCI'tl, B3, BS,HO,fIX,ItY,ttZ

PU!ICtt 1 , ttS, ttT, t1_,¢,o.Q, w, RF

PUNCttl ,SC, YY ,C, TS,SN,DB

PUNCIII, CF, SIl,SD,TT, SK,RB

PUNCitl, ALC(),TP,DI,FE,RD,RT

P UI4Ctt I,T2, RR, S Ni.,_F, PF, SN 1

PIJNCI11,DWI, BP I, fiP2,TP I,TP2, AI.P

I

I
I

PUNCtt

PU:,ICt!

PUNCH 1,

PUNCtt 1,

PUNCtt 1 ,,

1,I)R,WP,,TFP,DFP,DS 1,ALSH

1, P1 , P2,P3,P4, P5,P7

RS, GC, pT, C I,CW, CP

EI.,CH, CO,DW,CC, PBA

GE,CS,CF,f'S, EC,DF

I

I

I

PUNCtt

PUNCII

PUNCII

PU;JCII

PUNCII

1,ALG3, DC 1,D(;3,[)(;2, ALl ,AL2

1, AL3, At.CI), (; 2, (;3, A

l,lltl,S/I,AS, AC, ET, EB

I, S, FK, FP,,P,C,R(;,FtP

I,FF,CX,PC,EK, EW,TH

PUIICttl,WI ,WC

PAUSF



PASS

I

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

4

FORMAT(El 1.5,£11.5,EI Io5,E11o5,E11.5,E11.5)

pVA,EE,EPjPNpF,PX

jRPttpPIpPF,CKpP(}I.,DI

,DU,CL,SS,HC,SF,QN

,WL,BK,ZZ,BO,BI,B2

,B3, BS,HO,IIX,HY,HZ

,HS,HT,HW,QQ,W,F_F

,SC,YY,C,TS,SN,DB

,CE,SH,SD,TT,SK,RB

, AI.CO,TP,DI,FE,RD,RT

_T2,RR,SNI.,WF,PE,SNI

_DWI_BPI,BP2_TPI,TP2_ALP

_DR,WR_TFP_DFP_DSI,ALSH

_PI,P2,P3,P4pP5,P7

, RS,GC,PT,CI,CW_CP

, EL,CM,CO,DW,CC,PBA

, GE,CS,CF,FS,EC,DF

,ALGI,DCI,DG3,DG2,ALI,AL2

,ALG3,DCIpDG3,DG2,AL|,AL2

,AL3,ALCO,G2,G3,A

,HM, SM,AS,AC,ET,EB

,S,FK,FR,RC,RG,RP

,FF,CX,PC,EK,EW,TM

,WI,WC

A2=. 7854*DG2*DG2

A3 =3.1416*DG3*AI.G3

AP_@P2*TP2

IF(PI)401_402,401

" I

I
I

I

I

I

I

I

I

!

I

I

I

I

I

I

I

I



I 14

I
I

I
I

402

401

4O4

4O3

4O6

4O5

4O8

P I=3.19_BP1*TP1/AL1

IF (P2) J_c)3,404,4i)3

P2=I o595_,_(TP1+TP2)*ALP/AL2

IF (P'l)l_O5,406p405

P3=3 o19 :'_((3.*BP I+BP2)/8o)*ALP/AL3

IF(Pil)41)7p408,407

Z=TP- (BP 14-11P2)/2o

I

I

!

I

I

I

409

4O7

411

410

413

412

P4=(3.19_._'AI.P/3. 1416)*LOG ( 1 °4-(BPI+BP2)/Z)

IF (PX-6.) 409,z_.07,4 07

P4=I o5"P4

IF (P5)410,411 ,I_I0

P5 =(2o505/AI_CO)*(DC I*'2-DS I*_'2)/4o

IF (P7)_12,_13,412

P7=5. O1"((DR4-DU)/2° )_((DU-DR)/2° )+3 o 1416*DG2*ALG3

P7=P7/(([)U-DR)/2o)

TG=6. E6_E E/ (CW:_EC*RPH) °

BT 1=TG / ( (]Q:,"S t4,'_SS )

I

I

I

I

I

I

132

133

FQ=TG_'_CP/PX

BC I=FO/( 2. _'_HC_'_SS)

BG I=TG/(3 o 1416_D I:'_Cl.)

FG=BG 1:'_GE/°003 1[)

WQ: ( DU-HC ) :'_1.42_HC*S S* ( BC 1/[;K ) *_'_2 ° O*_.!L

WT= SH ='_QQ"_SS:=HS*O.453*(BT 1/BK) **2° 0"441.

D2:BG1**2oS*0.OO0061

D3 = ( 0 o016 7*QO*R PH) ** I ° 6 5*0,00001 5147

IF (T£--O..9) 133,133,134

D4=T S_'_*I°285_0 o81

GO TO 137

134 IF(TS-2°O) 135,135,136

I



135 D4=TS_*I. II_5"0.79

GO TO 137

136 D4.=TS:_*0. 79*0. 92

137 D7=B()/GC

IF(D7-1.7) 138, I";8,139

138 D5=D7=_:_2.3 1"0.3

GO T() 144

139 IF(D7-3.0) 140,140, 14.1

14.0 DS=D7:_2.0"0.35

GO TO 14_

141 IF(DT-5.O)I/_2,142,143

142 DS=D7:_*1.4*0.625

GO TO II_4

14.3 D5=D7_'_Oo!)65*I .38

144- D6=I0.(}**(0o932"CI-I.(_06)

BA=3.142"D I:,_CI.

WN=D I_'_[)2*D3*D4*D 5*D6*BA

PUNCHI,VA, EE,EP,PI,I,F,PX

PUt,ICtt 1

PUNCttl

PUNCttl

PUNCH 1

PUNCH1

PUNCI"I 1

PUNCI-I1

PUNCH1

PUNCH1

PUNCH1

PUNCH1

,RPt4,P I,PF_CK,POL,D I

DU,CL,SS,HC_SF,QN

,WL,gK,ZZ,BOpBI,B2

,B3,BS,HO,HX,HY,HZ

, HS, HT, I"IW, QQ,W_ RF

,SC,YY,C_TS,SI1,DB

,CE, SH,SD,TT_SK,RB

, AI..CO,TP, D 1, FE, RD, RT

9T2, RR, SNL,',,_F_PE, SN I

,DWI ,gPI,BP2,TPI,TP2,ALP

,DR,WR,TFP,DFP,DS I,ALSH

I
I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



16

I

L

I

I

I

I

I

I

I

I

I

I

PUNCH 1,

PUNCH I,

PUNCH I,

RS,GC,PT,CI,CWgCP

EL.,Ctl,CQ, [)vl,cc, PBA

GE,CS,CF,FS,EC,DF

PUNCH1,ALG."I,DC1 ,DG3,DG2,AL1 ,AL2

P UNCtt 1 ,,AL"4, ALCO, G2, (;3, A

PUNCHIp}'IH, StI,AS,AC,ET, EB

PUNCHI, S, FK, FP,,P,C,RG, F_,P

PUNCHI,FF,CX,PC,EK, EW,TH

PUNCH 1,_,II,__C,%4T,_,,#q,_,_N

PUNCHI,TG,FQ,r_c I, BT I,fIGI,FG

PUNCHI, PI, P2, P3, P4,P5,P7

PUNCHI,PX,ALP,A2,G2,A3,G3

PUNCH I,DU, PT, FK, AS

PUNCHI,HC, AP,IIS,DS I, AI.SH

PAUSE

END



PASS 5

DIHENSION AI(90)

I FORHAT(E11o5,E11.5,E11o5,E11°5,E11.5,E11o5)

888 FORHAT(FIO,,O,F IOoO,F IOoO,F I0o0, FIOoO,F I0oO)

K=I

823 READS|_8,AI(K),AI(K.+I),AI(K+2),AI(K+3),AI(K+4-),AI(K+5)

K=KA-(i

IF (K-8!))823,824,824

824 DO 825 J=1,21

READ Ip RIp R2_ R3 pR4.pRSp R(_

825 PUNCHIpR I_ R2_R3,R4,R5_R(_

pTG_FQpBCI ,BTI,BGI 9FG

pP IpP2pP3 _P4pP5_P7

pPXpALPpA2pG2_A3 _G3

p[)IJ,,PT ,,FK, AS

,HC,AP,HS,DSI,AI.SHo

8O6

8O7

READI

READI

READI

READI

READI

LOAD=I

COREI.=3.14_16-"(DU-HC) / (4._'_PX)

X:BT1

NA:I

K=I

GO TO 802

FT=ItS_AT

X=BCl

K=2

NA= 1

GO T() 802

FC=C()REI.*AT

FS=FT+FC

\

17 I

I

I

I

I

I

I

I
I

I

I

I

I

I

I

I

I

I

I



I18

I
I

I

PL-- (FG_F S) "':(P l+p 2+P3+P4)*o 002

PLT=FO+PL/PX

Bp..=pLT/AP

X=BP

NA=3 1

K=3

,30 TO 802

808 FP:ALP_AT

PL7=o OO 1_P 7" ( FC*FT+FG+F P)

PG2=PLT*PX/2,,+PI.7

I BG2=PG2/A2

FG 2=i1(12_G2/o 0031..9

I

I
I

BG3=PG21A3

FG3 =BG3 *G3 I. 00319

PL5=P5 _(FG2-_2-*(FG4-FT+FC)+FG3)*oO01

PSH=PG2_-PL5

ASH=.7854*DS1*DS1

I

I

I

816

BSH=PSH/ASH

X=BSI{

K=4

NA=61

GO TO 802

l

I
I

809 FSH=ALSHWAT

F NL= 2o:'_( FG.,'-FT +F C ) +F SH+FG'2+FG 3

A INL=F NL/PT

CD=AI tlI./AS

EPNL=AI NI.*FK

I
I

PUNCHI,TG,FQ,BCI,BT 1,8G I,FG

PUNCHI,PI ,P2,P3,P4,P5, P7



8O2

831

835

833

834

838

83O

836

85O

PUNCHIpPX,ALP,A2,G2pA3,G3

PU;_CHIpDU,PTpFK,ASpFG2pFG3

PU_CHI,HC,AP,HS,DS I,ALSH, EPF41.

PUNCIII ,CORELpASH,FC,FTpBP, BSH

PUt_CHIpPL,PLT, BG2pBG3 ,CD, A INL

PUNCIII ,FNI.

PAUSI"

IF(AI (IIA)-X)830,831,831

NA=I"4A+3

IF(AI (FdA)-X)833,831_,834

IIA=tIA+2

GO TO 835

AX=A I(NA)

BBI:AI (NA-2)

DC=AI (ldA+1)

D=AI (NA-I)

XX= (AX-BB 1 ) / ( o43_3_'_ (LOG (DC)-LOG (D+oO001)))

Y=AX-X X:_, 43 43 _,_I.()G( DC )

AT=EXP ( 2 o 30(I)/_" (X -Y )/XX)

GO T()

GO TO

GO TO

PR I hiT

FORHAT

PAUSE

Et,ID

([{38,839),LOAD

(8 _,, 807,8c)8,80!), 810), K

(836,837) ,LOAD

850,

(17HHACHINE SATURATED)

19



i

I

I

I

I

I

I

I

I

I

I

I

I

r

9.0

PASS

3

1

870

6

FORMAT(gX FlZ.5,ZX F12.5)

FORMAT(El 1.5,EII.5,EI 1.5,EI1.5,EI 1.5,E1 1.5)

FORMAT (23 X F12o5/)

READ1

READ1

READ1

READI

READ1

READ1

READ1

READ1

READI

READI

READ!

READ|

READ1

READ1

READ!

READ1

READ1

READ1

READ1

READI

READI

READI

READI

READI

READ

,VA, EE,EP,PN,F,PX

,RPM,PI,PF,CK,POL,DI

,DU,CL,SS,HC,SF,QN

,WL,gK,ZZ,BO,gl,B2

,_3,gS,HO,HX,HY,HZ

,HS,HT,HW, QQ,W,RF

,SC,YY,C,TS,SN,DB

,CE,SH,SD,TT,SK,RB

, AI.CO,TP,DI,FE,RD,RT

,T2,RR,SNL,WF,PE,SNI

,DWI,gPI,BP2,TPI,TP2,ALP

,DR,WR,TFP,DFP,DSI,ALSH

• RS,GC,PT,CI,CW, CP

• EL,CM,CQ,DW, CC,PgA

GE,CS,CF,FS,EC,DF

,ALG3,DCI,DG3,DG2,ALI,AL2

,AL3,ALCO,G2,G3,A

,HM, SM, AS,AC,ET,EB

,S,FK,FR,RC,RG,RP

,FF,CX,PC,EK,EW, TM

,WI,WC,_,WQ,WN

,TG,FQ,BCI,gTI,BGI,FG

,P1,P2,P3,P4,P5,P7

,PX,ALP,A2,G2,A3,G3

1,DU,PT,FK, AS,FG2,FG3



417

21

READI

READI

READI

READI

,FIC,AP,HSjDSIpALSH,EPNL

,CORELpASII_FC_FTpRP_RSH

wPLsPLTj B(;2wBG3•CDpAI NI.

_FNI.

XR=oO707_A*DF/(BGI*CI)

XL:XR :v(PC+EW)

XD=90, *EC*P I*CI4*D F/ (P X* (2, *FG+FG 2+FG3 ))

XQ=CQ*XD / (CH*C I

XA=XI.+XD

XB:XI.+XQ

VR=3o1416*DR*RPH/12.

AGE=GE*(2o*FG+FG2+FG3)/(2.*FG)

PGE=3oIg_TP_SS_CP/GE

PEE=PI+P2÷P3+P4+P5

XF=(XR*PX/SS)*((CI/CP)**2*PGE*PGE)*IoE-6/(6.2B*PEE*(AGE/GE)**2)

XU=XL+XF

XS=._8*XU

XX=XS

XY=XB

XN=o5:_(XX÷XY)

ALA=6o38*DI/(PX*GE)

IF(W)414,415,414

XO=Oo

GO TO 422

IF(CS-I.)417,418,417

AKX=Io

AKXI=Io

GO TO 419

AA= (3. *YY / (PN*QN) )



I
I

I

I

420

421

419

AKX=AA-2.

IF(AA/3.-o667)420,420,421

AKX1=o75*AA-.25

GO TO 419

AKX1=.75*AA+.25

ABL=(AKX/(CF**2))*.O7*ALA

XO=AKX*(ARL+PC)/AKXI

I

I

I

422

XO=XR:_ (XO_ (1. 667*( HX+2, *HZ ))/ (P N*QN*C F**2*DF**2*B S )+, 2*EW)

TC=SI/(FK

RA=PN*P I*PI*RG/(VA*IO00.)

TA=XN/(G28 o3 2*F*RA)

T5=XS*TC/XA

I

I

I

T4=2o/F

FSC=XA*FG

SCR=FNI./FSC

PRINT3pACpApSpXRpHMpXLpRG,XDpRPpXQpETjXApEB,XU,PCpXF,EW,SIpWCpXU

PRINT3pWIpXSpTPpXXpWRpXY,VRpXNpASpXO,FK,TCpFR,TApRCpT5pPI,T4

I

I

I

PRINT3pP2jTGjP3pFQ, P4pBGI,PSpBTI,P7p@CI,FSC,FT,SCR,FC

PRINT870, FG

PUNCHIpBOpGCpPIpPNpEPpET

PUNCHI,EB,SC,C,XB,XD,PF

PUNCIII,EE,XA,RG,WF,WQ,WT

I

I

I

I

PUNCHI

PUNCHI

PUNCHI

PUNCH I

PUNCHI

PUNCH I

PUNCH I

,WN,SNL,POL,RP,FR,FNL

,TG,FQ,BCI,BTI,BGI,FG

,PI,P2,P3,P4,PS,P7

,PX,ALP,A2,G2,A3,G3

,DU,PT,FK,AS,FG2,FG3

,HC,AP,HS,DSI,ALSH,EPNL

,COREL,ASH,FC,FT,BP,@SH

I



PUNCHIpPI. pPLTpBG2pBG3pCD_AI NL

PAUSE

END

'-_I

I

!

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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I

I
I

I
I

I
I

I
I

I

I
I

I

I
I

I

I

PASS

965

964

955

956

957

7

D IME NS

FORtlAT

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

ION GB(4-),AE (4),DX(4)

(El I.5,EI I.5,EI I,,5,E 11.5,EI Io5,EI I.5)

,BO,GC_ P I_PN_ EP, ET

sEB,SC,C, XB,X[)_PF

,EE, XA,RG,WF,W(),WT

,WN, SNI., POL,RP, FR, FNL

,TG,FO,BC I,BT I, BG I,FG

,PI _P2, P.R,P4p P5, P7

,PX, ALP, A2pG2pA3 _G3

,DUpPT,FK,ASjFG2pFG3

,HCpAP,HSpDS I, ALSH, EPNL

,COREL, ASH,FC, FT _BP, BSH

,PI.,PI.T, BG2p BG3,CDp A INI.

AXX=B()/GC

IF (AXX-I.) 964,965,964

AKSC=2.6

GO TO 957

IF (AXX-3 o75) 955,955,956

AKSC=IO.:_*o 178/((AXX-I.)**o334)

GO T()957

AKSC=IOo:W_o 1 I/((AXX-I° )**o 174)

XXI=P I:,_PI*PN

XX3=3.:_EP:_P I*PF

XX2=(ET_-EB)/2°-I°

XX4=AKSCeP I*SC/(C*FG)

GB(1)=Io

GB(2)=I °5

GB(3)=2.



777

GB (4)=POI.

AN=ATAI4 (SQRT ( Io-PF;_PF) IPF)

ANI=S I!4(AN)

DO 777 K_I-III _'{I

YB=GB(K)

AA =ATAN((ANI,XB:'_YB/IOOo)/PF)

AE (K) =C()S (AA-AN) .'-XAWS I N (AA)-._YB/100o

o9" "" XDDX(K)= .3" ";'-YB:'."SIN(AA)/1OOo

PUt.JCt4I,AE ( 1 ), AE (2), AE (;g), AE (/-._)

PU.".,ICFtl,DX(1 ) ,DX(2) ,DX(;3) ,DX(/4)

PUNCill, BO,GC, P I, Pt;j, EP,, ET

PU'."4CFt1 , EB 1,SC s,C _,XB j, ,-,[, l, PF

PUI!C}t 1 , EE, XAp F[G__,,'Fp _/q p_,¢T

PUNCtt| ,Wiq, SHI., P()I.,RP,FE, FNL

PUNCHI,TG_,FQ,BC 1,BT 1_,BG 1 ,FG

PUI!CH1, P 1, P2, P3, PA-_,pS,P7

r- "' G3PUt-!CH 1 , PX, ALP, A2, ._2, As, j,

PUNCH 1s,[)[JP PT, FKI, AS j, FG2j, FG_
Q

PUNCH1 p HC_,AP:,FIS, DS 1 , ALSH,, EPNL

PUNCFII j, CI)REL, ASH,FC_ FT, BP, BSH

PU!.ICHI,PL_ PLT, BG2, BG3, CD, A INL

PUt,ICtt 1 j, XX1, XX2, XX.'3_,XXI_.

PAUSE

END

25 I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I26

I

I
I

I
I

I
I

I
I

I

I
I
I

I

I
I

g

PASS 8

DIHENSION AI(90)

DIHENS!OU AE(4),DX(4),BPI.(4)jPLL(4),IIG3L(4),BSHL(4),PTLL(4)

DIHENSION FFI.(4), A IFI.(4), CDD (4), EPFL(4), BG2L (4)

I FORHAT(EI Io5,EII.5,EI 1.5,EI Io5,EI Io5,EI Io5)

888 FOR_IAT (F IOoO,F IO.O,F IOoO,F IOoO,FIOoO,F I0.0)

K=I

823 READ888,AI(K),AI(K4-1),AI(K+2),AI(K+3),AI(K+4),AI(K+5)

K=K+6

IF(K-8_)8

824 READI ,AE

READI pDX

READI pBO

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

READI

LOAD=2

23,824,824

( 1 ) ,AE(2),AE (3) ,AE(4)

(1),DX(2),DX(3),DX(4)

pGC_PI_PI_pEPIET

pEBpSCpC,XBpXD,PF

pEEpXA_RGpWFp_/QpWT

pWNpSNI, pPOL. pRPpFR_FNL

pTGpFQpBCIpBTIpBGIpFG

pPIpP2pP3pP4,P5,P7

pPXpALP_A2pG2pA3 sG3

pDUpPTpFKpASpFG2pFG3

,HC, AP,HS, DS I,AI.SH, EPNL

pCORELsASH,FC,FT, BP, BSH

pPLpPLTpBG2pBG3pCD,AIN[.

pXXI,XX2pXX3pXX4

DO 900 ,J=1,4

AED=AE (,I)

AA=AED*FG÷( | o_PF)*FT+FC

PLL(J)=PL*AA /(FG+FT+FC)

I



841

842

900

837

86O

PR = PLT*(AED-DX(J))

PTLL (J)=PR4-PLL(,I)

X=PTI.L (J)/AP

NA=31

K--1

GO TO 802

FPL= AT* ALP

PL7L=P7*o 002" (AA+FPL)

PG2L=(PTI.L(J)*PX/2.)+PI.7L

BGZL (J)=PG2t./A2

FG2L=BG2L (J)*G2/o003 19

BG3L(4)=PG2L/A3

FG3L=BG3L(,I)*G3/o003 19

PL5L=P5*oOOI*(2o*AED*FG+FG2L+FG3L+2o*FT*( Io+PF) )

PSHL=PG 2L4-PI.5L

X= PSHI./AStt

BSI-tL (J)=X

NA=6 1

K=2

GO T() #,02

FSHL=;\I SH*AT

==FSHL+FG 2!i,+FG3 L ,-2 oY'FG*AED+2. *FT*( 1 o+PF )FFL ( )

A IFL(,I)=FFL(J)/PT

CDD (J)=AI FI.(,I)/AS

EPFL (,I)=A IFL (,I)_','FR

JA=JA/3

PUNCIt 860, JA

FORHAT (13)

IF (,IA)861,862,861

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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I
861 DO 863 ,J=IpJA

PUNCHI,PLL(J) ,PTI.L(,J),BSHL(J),BG3L(J),BG2L(J),_PL(J)

I

I

I

863

862

PUNCF.I1

PUNCItl

PUNCH 1

PUNCH1

PUNCH 1

,FFI.(J)

pBO,GC,

,EB,SC,

,AIFL(,I),CDD(J),EPFL(,J)

PI ,PN,EP,ET

C,XB,XD,PF

,EE, XA, RG ,WF, WQ, WT

,WN,SNL,POL,RP,FR,FNL

I

I

I

PUNCFII,TG, FQ, BC I, BT I, BG I, FG

PUNCFI1,P I, P2, P3, P4, P5, P7

PUNCH1

PUNCF'I1

PUNCFtl

,PX,ALP,A2,G2,A3,G3

,DU,PT,FK,AS,FG2,FG3

,HC, AP, HS, DS I, ALSFI, EPNL

I

I

I 802

PUNClll

PUNCFII

PUNCH1

PAUSE

,COREL,ASFI,FC,FT,BP,@SH

,PI.,PLT,BG2,RG3,CD,AINL.

•XXI,XX2,XX3,XX4

I F(AI (NA)-X)830•83 1 •83 1

I

I

I

I

83 1

835

833

834

NA=NA+3

IF(AI (NA)-X)833,834,834

NA-_NA÷2

GO TO 835

AX-'A I(NA)

@BI=AI (NA-2)

DC=AI (NA+I)

I

I

I

D=AI (NA-1)

XX= (AX-B@I)/(.4343*(LOG(DC)-LOG(D+.OOO1)))

Y=AX-XX*.4343*LOG (DC)

AT=EXP (2.3 06*(X-Y)/XX)

GO TO (838•839),LOAD

I



838 GO TO (806_807,808_809,810),K

839 JA-JA+I

GO TO (841,84.2,_34.3),K

830 GO TO (836,837) ,LOAD

836 PRINT 850,

850 FORMAT (17t'IMACHINE SATURATED)

PAUSE

END

_._11

!

I

I

I

I

I

I

I

I

I

I

I

i

I

I

I

I

I
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I

I

I

I

I

I

I

PASS

961

860

9

D IMENS ION

D IMENS ION

D IMENS ION

14t-,IL(4),STTI.(4),SCUL(4.),EDDL(4),TOTL(4),PEFF(4),GB(4)

BPI.(4) ,BG2L(4),FFL(4),AIFL(4),CDD(4),EPFL('4).FCUL(4)

PLL(II.),PTLL(4), BG3L(4.), BSHL(4)

FORMAT (F 1

FORMAT ( I

FORMAT

DO 705

PLL(N)=O

PTLL (t,I)=O

BeE (N)=O

BG2L (t,l)=O

1.3,8X F11.3,F11o3,F11.3,F11.3)

3)

(El 1.5,E11.5,E11o5, E11°5, E1 I. 5,E11.5)

N=I ,4.

I

I

I

SSHL(N)=O

BG3L(N)=O

FFL(N):O

AIFL(N)=O

CDD (I',I),=0

I

I

I

I

EPFL(N)-O

FCUL(N)-O

WNL(N)-O

STTL (N),,-O

SCUL(N)-O

EDDL(N)=O

TOTL(N),=O

I

I

I

705 PEFF (N)-,,O

READ860, JA

IF (JA) 702, 7o3,702

702 DO 704 ,I=I,JA

READI ,PLL(J), PTLL(J),RSHL(J), gG3L(J),gG2L(J), BPL(J)



704

7"O3

READI ,FFL(J),AIFL(J),CDD(J) ,EPFL(J)

READI ,BOpGC, P Ij,PI',I,EPp ET

READI ,EBpSC,C,XB,XD,PF

READI ,EE, XAjRG,WF,WQ,WT

READI ,I,,/N,SNI., POL, RP, FR, FNL

READI ,TG,FQ,BC IpBT I, BGI,FG

READI ,PI,P2,P3,P4,P5,P7

READ1

READ1

READ1

,PX,ALP,A2,G2,A3,G3

,I)U,PT,FK, AS, FG2, FG3

, HC, AP pI"IS, [)S 1, AI.SH, EP IlL

READI ,COREL,ASII,FC,FTwBP,BSH

READI ,PL,PLTpBG2,BG3,CDpAINL

7o7

READI ,XXI,XX2, XX3,XX4

IF (S N{.)707, 7_,, 707

PUNCGI,TG,FQ,BCI,BTI,BGI,FG

PUNCHI,PI,P2,P3,P4,PS,P7

PUNCHI,PX,ALP,A2,G2,A3,G3

7o6

PUNCH1,ASH,COREI.,HC,AP,HS,ALSH

PUNCtI1,DU, EE

FEL=A I Ni. 'CA I t,II.:_FK

T L= F EI.-',-WT_WQ+I,./N_V_/F

ABX=O

I F(JA)714.,712,714

714 IF(JA-4) 708,709,708

7,09 IF(POI.)708,710,708

710 JA-JA-1

708 GB(1)=Io

GB(2)=I,5

GI(3)=2.



I
GB(4)=POL

DO 711 K=I,JA

I

I

YB=Gi_ (K)

FCUL (K) =A IFL (K) **2*F R

STT L (K) = ( (. O0 27*XA*Y B) **2*2 o+ I. )*WT

I
WNL (K) = ( (XX4*Y B )**2+ I. )*WN

SCUL (K) =XX 1*RP*YB

I

I
I

711

712

958

EDDL(K)=SCUL(K)*XX2

TOTL(K)=EDDL(K)+SCUL(K)+WNL(K)+STTL(K)+FCUL(K)+WQ+WF

PEFF(K)=XX3*YB*IOO./(XX3*YB+TOTL(K))

IF(POL)958,959,958

PRINT961,PL,PI.L(I),PLL(2),PLL(3),PLL(4)

I
I

I

PR INT .96

PR INT

PRINT

PRINT96

PRINT

I,PI.T,PTLL(

1,BP,BPI.(1)

I,BG2,BG2L(

I,BG3,=G3L(

I,_SH,_SHL(

I),PTLL(2),PTLL(3),PTLL(4)

•BPI.(2) ,BPL(3) •BPL(4)

I),BG2L(2) ,BG2L(3),BG2L(4)

I),BG3L(2),BG3L(3),BG3L(4)

I),BSHL(2) ,BSHL(3),BSHL(4)

I
I
I

PR II',IT5Y)

PR INT96

PRI NT

PR INT 96

PRINT96

I,FNL,FFL(1)•FFL(2),FFL(3),FFL(4)

I,AINL,AIFL(I),AIFL(2),AIFL(3),AIFL(4)

I,CD,CDD(1),CDD(Z),CDD(3),CDD(4)

I•EPNL•EPFL(1),EPFL(2)•EPFL(3)pEPFL(4)

1,wo,wQ,WQ,WQ,WQ

I

I

I

PR I NT(._I

PR

PR

PR

PR

,WT•STTL(I

NT _ 1, ABX • SCUL (

NT961 ,AI;X•EDDL(

NT 961 ,WN, WNI. (I)

NT961 pFEL,FCUL(

) • STTL (2) • STTL (3), STTL (4)

1)•SCUL(Z)•SCUL(3),SCUL(4)

1)•EDDL(2) •EDDL(3)•EDDL(4)

,WNL(2) •WNL(3) •WNL (4)

1),FCUL(2) •FCUL(3),FCUL(4)

PR NT961•WF,WF,WF•WF,WF

PR NT_I,TL,TOTL(1),TOTL(2),TOTL(3),TOTL(4)



959

PR INT961,ABX,PEFF(1),PEFF(Z),PEFF(3),PEFF(4)

PAUSE

PR I I',IT'._) I, PI., PLL (I) ,PLL ( 2), PLL (3)

PRINTgGI,PLT,PTI.L(I),PTLL(Z),PTLL(3)

PRI NT'_S

PR I NT'._

PR IN T !)6

PR INT96

PR

PR

PR

PR

PR

PR

PR

PR

PRI NT'._ I ,WN,Vdl,II. ( I

PRINT(._IpFELpFCUL

PR I NTg6 1 _WF pWF p_,/F

PR I NT(.)6 1 pTI.pTOTI. (

INT961 pABXpPEFF

INT961

I tiT 96 1

I NT96 1

I NT !)61

I NT.96 1

,BP,BPL(1),BPL(2),BP[.(3)

,BG2,11G2L(1),IIG2L(2),BGZL(3)

,BG3,BG3L(1),BG3L(2),BG3L(3)

,BSH,BSHL(1),BSHL(2),BSHL(3)

,FNL,FFI.(1),FFL(2),FFI.(3)

pAINI.,AIFL(1),AIFL(2),AIFL(3)

,CD,CDD(I) ,CDD(2),CDD(3)

,EPNI.,EPFI.(1),EPFL(2),EPFL(3)

, wq, wq, wq, wq

PR

PAUSE

II',IT_..,_")IpWT, STTI. (

INT961pABXpSCUI.

INT961,AIIXpEDDL

I), STTL (2), STTI. (3)

(I),SCUL(Z),SCUL(3)

(1),EDDL(2),EDDL(3)

),WNL(2),WNI.(3)

(I),FCUL(2),FCUL(3)

_WF

I),TOTI.(2),TOTL(3)

(1),PEFF(2),PEFF(3)

END

33 I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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PERMANENT MAGNET, A.C. GENERATORS
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PERMANENT MAGNET t A.C. GENERATOR

INTRODUCTION

In the following section a design procedure for permanent magnet genera-

tors is given and explained.

For this quarterly report the procedure is given for hand calculation

but is arranged so that the same format can be used in the

final report, programmed in Fortran for computer use.

Much of the formulae used in the design procedure is taken from the

papers:

"Design Calculations For Permanent Magnet Generators" by

David Ginsberg and L. J. Misenheimer, AIEE Trans. 1953

Part HI, pp. 96-102.

"Synchronous Machine With Rotating Permanent Magnet Fields,

Part Ir' by Fritz Strauss, AIEE Trans. 1952, Part HI,

pp. 887-893.
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Permanent Magnet, A.C. Generators

Permanent magnet A.C. generatoi's have advantages that make them

!

!

!
attractive for use in space power systems when both the P.M.

generator limitations and the conversion system limitations are

recognized. They have high efficiency, high reliability and

are simple.

Against the advantages of high efficiency and high reliability, the P.M.

generator is difficult to regulate and its weight is usually greater,

in ratings above 5 kva, than the weight of an equivalent electro°

magnetic generator.

Types of P.M. Generators +.+I

Some of the P.M. generator rotor types are portrayed in Figure:][: All

I
of these P.M. generator types are calculated in the same way,

except that the flux leakage permeance paths are different for

each configuration.

The radial air-gap type with the simple block-type magnets is treated

here because it is best known and most often encountered. The

same design procedure can be used on any P.M. generator if

I

I

I
the designer will estimate or calculate the proper leakage paths

for the in-stator and out-stator rotor conditions.
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I

|
BOLTED POLES

i ..

SOME OF THE ROTOR TYPES USED IN A-C 3

I PERMANENT - MAGNET GENERATORS WITH

I RADIAL AIR - GAPS ,

g

I

I

SM_rHmTOR
LUNDELL OR CLAW-TYPE ROTOR

CAST POLES

FIGURE _["
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PERMANENT MAGNET GENERATORS

GENERAL DISCUSSION

One of the first, if not the first, low voltage A.C. generator ever built

was a permanent magnet generator built by M. Hyppolyte Pixii

and demonstrated before the Paris Academie des Sciences in

1832.

Figure_is the photograph of a replica of the Pixii machine, which had

an axial air gap. Figurel_is a patent drawing of a recently

developed permanent magnet generator, which also has an axial

air gap.

Permanent magnet generators were at first built for demonstration and

for amusement, later for telegraph use, for lighting, for tele-

phone ringing and engine ignition.

P.M. Generators built by a man named Frederick H. Holmes were in-

stalled in 1857 and 1858 to power arc-lights in lighthouses at

Blackwell, South Foreland, and Dungeness, England. These

generators operated at 90 rpm and produced about 1.7 kw each,

(See History of Electrical Engineering, Part 3, Journal of IEEE,

May, 1955, pp. 280-286.)

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

* The first electric generators were the influence machines (or electro-

static generators. )
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GENERAL DISCUSSION (Contd)

Until 1910, the magnets of the PM generators were almost always made

of high carbon steel Then after 1910, alloy steels began to be

used more commonly and magnet performance was improved.

Finally, in 1931, a Japanese Metallurgist named Mishima dis-

covered an alloy system of aluminum, nickel, iron, and Cobalt.

The alnicos developed from this alloy system have made high

performance permanent magnet generators possible.

Table..T gives a capsule history of permanent magnets.

One of the strongest magnets commercially available for large size mag-

nets is Alnico 5. It has an energy product of 36000 joules/

meter 3 or . 59 joules/inch 3.

The energy product of a magnetic material is the maximum product of

flux density B, times the magnetic intensity, IL When B is in

Webers/meter 2 and H is in Ampere-turns/meter, the product is

in Joules/meter 3. Divide by 61023 and the result is Joules/in 3.

If Webers/in 2 and Ampere-turns/inch are multiplied, the result

is Joules/in 3.



Repfica of Pixii hand-driven magneto-electric generator

(about 1832)

Crown copyright. From an exhibit in the Science Museum,
South Kensington.

FIGURE-

I
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I
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W. KOBER

ROTORAND llET'rlODOF k.%_¥ _F

Filed Ja_. 14, 1959

3,050,648

I

BY

INVENTOR.
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TABLE :I"

COMPOSITIONS AND PROPERTIES OF

SOME USEFUL PERMANENT MAGNET MATERIALS

Name

Tungsten Steel

Low Chrome Steel

High Chrome
Steel

KS Magnet Steel

Cobalt Chrome

Steel

Remalloy

Mishima Alloy

Alnico 2

Magnetoflex

Platinum Cobalt

Alloy

Vicalloy

Alnico 5

When

Used Typical Composition Hc Br

1885

1916

1916

19171

1921

1931]

1931

1934

1935

1936

1938

1940

(BH)m x

6W, 0.7C, 0.3Mn 65 10,500 0.3

0.9Cr, 0.6C, 0.4Mn 50 10,000 0.2

3.5Cr, 1 C, 0.4Mn 65 9, 500

36 Co, 7W, 3.5Cr, 0.9 C 230 10,000

16 Co, 9 Cr, 1 C, 0.3Mn

12 Co, 17Mo (or W)

10 AI, 6 Cu

25 Ni, 12 A1

12 Co, 17 Ni,

20 Ni, 60 Cu

8 A1, 3 Cu

180 8,000

250 I0, 500)

10, 000)

475 7, 000

560 7, 300

600 5, 800

3000* 5,000

200 Ii, 500

575 12, 500

77 Pt, 23 Co

52 Co, 10 V

24 Co, 14 Ni,

0.6

1.2)

1.1)

1.4

1.7

2.0

4.5

1.5

4.5

i0
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The maximum energy that a magnet can cause to be stored in an air

gap is not the same as the energy product of the magnet. If

the air gap permeance corresponds to the maximum BH point

on the magnet curve, the energy that can be stored and ex-

tracted _rom the air gap will be the part of the BH rectangle

above the air gap line or one-half the energy product of the

magnet material.

Air

Gap
_'_ Shear

_,, Line
\

Energy in

Gap

H

B

\

9
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How the magnetic eaergy stored in an air gap of a hard magnetic mate-

rial is one-half (1/2) the maximum energy product is discussed

in the Ap_ _ this permanent magnet generator design

manual.

The following values are given for maximum energy stored in the air

gap for various permanent magnets. The Table was taken

from Roter's "Electromagnetic Devices." Page 70.

I

I

I

I

I

I

I

I
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I
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I
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I

I
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PERMANENT MAGNET GENERATORS

DESCRIPTION OF PM GENERATOR OPERATION

Permanent Magnets

All permanent magnets resist changes in their magnetic state.

this property that makes the permanent magnet useful.

It is

Most early-day permanent magnets were made of high carbon steel in

hard condition. This high carbon steel was used in magnets

for magnetos in engine ignition systems, in telephone ringers,

toys, etc. It is still used in some applications.

Newer permanent magnets are alloys of nickel, aluminum, Cobalt, copper

and iron. The alloy system is called Alnico and magnets made

from these alloys are so much stronger than other commercial

magnet alloys, that high performance PM generators almost

always use them.

A ceramic permanent magnet material is sometimes used for generators

when low-cost or high coercive force is of primary importance.

The ceramic magnets are used mostly on small d.c. generators

and are not of interest for this study.

All good permanent magnet materials have large hysteresis loops and in

designing permanent magnet generators one quadrant of the

hysteresis loop is used to predict performance.
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THIS

QUADRANT
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I
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r
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If a toroid or closed annular ring of permanent magnet steel is excited

to its saturation value and then the exciting mmf is removed,

the flux density will decrease from the maximum saturation in-

duction value B max. to the residual induction Br. For the

flux density in the ring to stabilize at the value Br, there must

be no air gap in the toroid or closed magnetic circuit. If the

magnet material is Alnico 5, the flux density in the ring under

these conditions will be 78, 000 lines per square inch.

If an air gap is introduced in the toroid, the ampere turns required to

send flux across the air gap must be supplied by the magnet

and this causes the magnet flux density to decrease, still along

the hysteresis loop, to some lower value. The actual value

depends upon the length of the air gap and upon the length of

the magnet.

Think of the magnet as furnishing a certain number of ampere-turns of

mmf per inch of magnet. Then when an air gap is introduced

into the magnetic circuit, each inch of magnet will contribute

its portion of the mmf required to force flux across the air gap.

If an air gap of . 010 inches length is introduced in a magnet toroid having

a magnet length of ten (10) inches, each inch of magnet will

contribute 24 ampere turns toward forcing 77 Kilolines/in 2 across

the gap. Ignore fringing!
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mrnf- Bg u
77ooo (-olo)

3. 19
_ 241 AT

The magnet AT/inch 241
- 10

net is negligible.

_ 24 and the demagnetizing effect on the mag-

If the air gap length is . 100" and the magnet length is 10 inches, the

mmf required is only 241 ampere-turns per inch of magnet and

the demagnetizing effect is still negligible. If, however, the

air gap is . 100 inches and the magnet length is only 1.0", the

ampere-turns required for the one inch of magnet to force 77

KLacross the gap is 2410 which is two times the ampere-turns

needed to demagnetize the Alnico 5 magnet completely.

What actually happens in the case of a 1.0" magnet and a 0. 100" air

gap is that the magnet demagnetizes to a point on the hysteresis

curve where the mmf available will force the now lower flux

density across the gap. For Alnico 5, the magnet density will

be 37 Kl_/in 2 and the mmf/inch - 1200 AT.

In the case of a 1.0" magnet and .100" gap, if the gap is later closed,

the magnet density will increase along a minor hysteresis loop

having the same slope as the main loop and in this example the

magnet density will be 45 Kld'in 2 when the gap is completely

closed.
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45

- 37

78

-- 77
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When a permanent magnet rotor is constructed and magnetized, then

taken out of the magnetizing fixture without a keeper or metal

piece to close the magnetic circuit, the magnet density drops

to some low value similar to the 1. 0" long magnet with . 100"

air gap. The magnet rotor is said to be air stabilized and the

flux circuit is through leakage paths in the air. If the leakage

is high enough, the magnet density will remain fairly high.

If there were no leakage, the magnet would demagnetize almost

completely.

When the air stabilized magnet is placed in a stator, the air gap is

partially closed and the magnet density increases along the

minor hysteresis loop to a new value that depends on the length

of the new air gap. From this time on, the permanent magnet

operates along the same minor hysteresis loop unless the demag-

netizing ampere-turns of the stator produced by the load on the

stator become too great and further demagnetize the magnet.

If the armature reaction due to the load does demagnetize the

magnet further, the machine is said to be load stabilized and

if short circuits are repeatedly applied to the output leads, the

magnets are said to be short circuit stabilized.

All permanent magnet materials have large hysteresis loops and, in

general, those permanent magnet materials having the largest
C

hysteresis loops are the most useful.
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When a magnet is properly applied and stabilized, the level of maximum

flux is fixed and the magnet mmf is fixed. To change the

voltage generated in a permanent magnet generator for a given

load condition, it is customary to change the permeance of the

flux path so that less flux flows through the output windings and

less voltage is generated.

When no controls are applied to a P.M. generator, the voltage current

characteristics cu--ve looks like this:

VoWs

Curt ent

FIGURE 5[V-
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If a permanent magnet generator is required to produce a constant volt-

age from no load to full load, at a fixed speed, the no load

voltage is usually depressed by saturating part of the iron cir-

cuit so that less flux links the output winding at no load.

One widely used method of saturating part of the iron circuit is called

back-iron control or back-iron saturation and U.S. Patent No.

2564320 issued to N. W. Brainard describes this scheme. Volt-

age control by this method is usually limited to 10 or 15% of

maximum.

Another control method varies the air gap length. In radial gap machines,

the rotor is sometimes tapered and designed so that it can be

moved axially to increase or decrease the air gap length and the

flux linkages in the winding.

U.S. Patent No. 2861238 issued to W. Kober describes a mechanism

for adjusting the air gap of an axial gap permanent magnet gen-

erator. By adjusting the length of the air gap, the no load

voltage can be varied from its maximum to nearly any desired

lower level. The air gap control method is effective though

relatively slow in response.

When magnets are attached to a rotor and magnetized in a fixture, the

magnetic material is subjected to a high magnetomotive force
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(mmf) or a high number of ampere turns per inch of magnet.

About 4000 ampere-turns per inch are applied to Alnico 5

magnets and the Alnico saturates from zero flux along a satura-

tion curve that looks like this:

,/

!

/

/

/

B

80 KL/In 2 ....

j/

Ampere Turns _ I _cH
/ 2000

0

H FIGURE

As the current in the magnetizer coil is reduced to zero, the flux in

the magnet reduces along a hysteresis loop to a residual value

Br.



22

0

/

/
f
I

/
J

J

FIGURE

As long as the magnet or magnets are in a closed, iron circuit such

as the magnetizer or a Keeper, the flux density in the magnet

will remain at the value Br. The magnet is not useable under

a closed-circuit condition and an air-gap must be introduced in

order to use the magnet.

If the rotor is inserted in a wound stator, and a keeper is kept on the

magnets until the magnets are in the stator, the air gap and

additional permeance that is introduced will be minimal

The flux density in the magnet may have dropped to a value about like

this:
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Line

._

ID

LJ __

0

f
f
J

/
2

I

Ampere Turns per Inch

FIGURE "_

The flux in the circuit is now at its maximum useable level.

When load is applied, the demagnetizing ampere-turns from the stator

oppose the mmf of the magnet and the effect is the same as

if the air gap line were shifted over an amount equal to the

stator demagnetizing mmf {as related to the magnets per inch. )

I
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_.k I /7

H

FIGURE

Under the stated conditions, the flux density in the magnet never returns

to the value it had before load was applied. The flux density

returns to a slightly lower value, along a minor hysteresis

loop and the generator can be said to be load stabilized. Some

tachometers are treated this way and sometimes a larger PM

generator for a special application is so treated.
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If a short-circuit is applied to the generator, it experiences the maximum

demagnetizing force that is possible except for transient demag-

netizing forces or external demagnetizing forces. If repeated

short circuits are applied by switching them on and off, the
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magnets are subjected to many transient demagnetizing mmf's and

the magnets are probably stable for most of the possible condi-

tions of loading. The generator is said to be short circuit sta-

bilized. The flux density in the magnets does this:

Air Gap

._. Shear Line

Short

Cir cuit

.esiS

Loop

B

Fdm from HShort Circuit

!

A

A

/

FIGURE

If no other severe disturbance affects the magnet adversely, the flux

in the magnet will always be a value on the minor hysteresis

loop between the air-gap line (at no load) and the short circuit

line.

!
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A generator can be designed so that short circuit will demagnetize the

magnets almost completely. Then the transients normally

associated with testing may cause the magnets to demagnetize

beyond their useable strength. When that happens, the rotor

must be r emagnetized.

If the rotor is taken from the magnetizing fixture without a keeper on

it, the circuit for the magnet flux is through the air and, in

effect, a huge air gap has been introduced into the circuit.

The air gap is the leakage path of the magnets when the rotor

is out of the generator stator. This is called air stabilization

of the rotor and the permeance of the leakage path air gap is

called out-of-stator permeance.

The magnet flux density is represented like this:

Air Gap

_ >. _ Shear Line
\

\
Out of Stator \ ___ --_

Shear Line _ -"_
.I .\ i

\/ ' _ B

_ 0 H

l

J
.J

!

!

f._--

/

FIGURE
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Right here now we will define the permeance terms that are used

from here on, even though they are defined later.

Out-stator or Out-of-stator Permeance - This is the permeance

of the pole-to-pole flux when the rotor is in air. All of the flux

paths are in air and all of the flux is leakage flux since no stator

or output winding is present to utilize the magnet flux. The

symbol is PO •

In-Stator Permeance - When the rotor is placed in the stator, some

of the flux enters the stator to link the output winding and this is
the flux that becomes useful flux.

Some flux still leaks from pole-to-pole and can never be utilized.

The permeance path for the never-to-be-utilized leakage flux

that is leaking from pole to pole when the rotor is inserted in

the stator is called In-stator permeance. It is a leakage per-

meance and whenever you see the words in-stator permeance in

this document they mean the permeance of the in-star or leakage

paths of the rotor.

The symbol i s Pi.

Air-gap Permeance - The permeance of the air-gap. The symbol

is Pg.

Working Air-gap Permeance - The total apparent permeance of

the working air-gap. It is the sum of the permeances of the air-

gap and the in-stator leakage flux paths. The symbol is Pw.

Magnet Spatial Permeance - This is the adjustment factor to convert

the permeance values to the proper scale for use in the conventional

hysteresis loop representation. The symbol is Pm.

NOTE --- In the illustrative drawings showing the permeance shear

lines, the air-gap shear line is the air-gap permeance

plus the in-stator leakage permeance or Pw.

26a

I



I

I
I

I
I

If no further adverse operating conditions are imposed on the magnet,

the flux density in the magnet will always be a value on the

minor hysteresis loop shown, between the out-stator leakage

line and the air gap line.
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When the rotor is inserted in the stator, the path for the magnet flux

includes the leakage paths between the rotor magnets and

around the ends of the magnets. This permeance path is called

the in-stator permeance and is lower than the out-of-stator per-

meance.
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I
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/
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The in-stator permeance is the out-stator permeance minus a few leak-

age paths. Some out-stator leakage paths no longer exist when

the rotor is in the stator because the stator iron completes

the flux circuit.

The out-stator permeance establishes the minimum flux level in the mag-

net and the in-stator permeance establishes the leakage flux

level.

The difference between the in-stator flux, which is all leakage, and

the maximum flux level determined by the minor hysteresis

loop and the air-gap line, gives the value of useful magnet flux

that is available to generate voltage.

At zero P.F., as the permanent magnet generator is loaded, the de-

magnetizing mmf has the effect of shifting the air-gap line

over and the flux available to generate voltage is decreased.
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j,_-- ..... __, Maximum Load or
short circuit that

can be endured with-

out demagnetizing

magnets.

/ Shaded portion represents

leakage flux that cannot

be utilized.

1/ Shaded portion represents
/ flux available to generate

voltage.

FIGURE _



30 I

The IZ drop in the windings must be subtracted from the generated I

voltage and the remaining voltage is the load voltage. I
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DESIGN MANUAL

FOR

PERMANENT MAGNET, A.C. GENERATORS

INTRODUCTION

The calculation procedure given here is for only one configuration of

permanent magnet generators. It is the classical design with

definite poles consisting of blocks of magnet material. The

pole heads are designed to support the magnets and are usually

wider than the magnet blocks. Sometimes the pole heads are

designed to provide high out-of-stator flux leakage and thereby

cause the magnet material to stay magnetized at a high level of

flux density even when air-stabilized.
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The following sketch illustrates the leakage fluxes that are calculated

in determining the performance of the permanent magnet gen-

erators covered by this design manual. The formulae and the

designations for the permeance calculations are taken from

Strauss "Synchronous Machines with Rotating Permanent Magnet

Fields" Trans. AIEE 1952 Part II, pp. 887-893. Formulae

from Roter's "Electromagnetic Devices" a Wiley and Sons book,

are appended to this PM generator design manual and are for

use in estimating permeances for configurations of PM gen-

erators different from the one discussed in this manual.

When the rotor is magnetized and then removed from the magnetizing

fixture without a keeper, the magnet flux density will decrease

to a value determined by the out-of-stator leakage permeance.

This leakage permeance consists of all of the flux leakage

permeances of the rotor when the rotor is out of the stator.

When the rotor is placed in position in the stator, some of the flux

that leaked from pole-to-pole when the rotor was by itself,

now becomes useful flux by flowing through the stator iron and

linking the conductors in the output winding.

I



34



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

35

These rotor flux leakage permeances are separated into discrete leak-

age paths and are illustrated separately in the following

sketches:
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P1 = The pole-to-pole side leakage permeance. This leakage exists

when the rotor is in the stator as well as when it is out and

is just unuseable leakage flux.

The formula here is taken from Strauss:

P1 : 3"19----P _p

for poles that touch at the base, and

for poles not touching at the base.
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Ps : the permeance of the flux leakage path from the centerline of

one pole-head surface to the centerline of the adjacent pole-

head surface.

This leakage is part of the out-stator leakage but does not exist when

the rotor is inserted in the stator.
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I
Pf = the permeance of the flux leakage path between the adjacent ends

of the pole heads, i

leakage flux is part of iThis the out-stator leakage but no longer exists

when the rotor is placed in the stator. I

p. - /I # 0"322_r-bh) = 1.66 i

-_o _p 1.220(_r-bh) m

$

Pf = 1. 66

,,.%"\

_c

_L " _ _ _ _II.....

o o .] _ ,5 .& ,7 .
POLE -F--.M 5 F_AC E.. _ I

FIGURE ',,_,'_ i!/"
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Psl -- the permeance of the flux leakage path from the underside of

one pole shoe to the underside of the adjacent pole shoe.

This leakage is present when the rotor is in the stator and cannot be

utilized.

3.19 hhlp

_ :_r _ I
2

The formula is an approximation, and is suitable for an estimate of

the leakage between the pole heads of the usual four, six

or eight pole design. For high leakage pole tips use as hhl

the height of the adjacent pole leakage surfaces. See the

sketch for two examples.
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FL_X

U FLUX

SKETCH SHOWING HOW FLUX LEAKAGE CONDITIONS CHANGE WHEN

EXTENDED POLE HEADS ARE USED. THE ADDED LEAKAGE KEEPS

THE MAGNET DENSITY HIGH ON THE MAGNET CHARACTERISTIC

MAJOR HYSTERESIS LOOP BUT THE ADDED LEAKAGE FLUX IS

NEVER AVAILABLE FOR USE

\
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FIGURE _ _ _/i_
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Ps2 = permeance o_-, the flux leakage path from the centerline of the

end surface of one pole head to the centerline of the end surface

the adjacent pole head.

This leakage flux is continuous and cannot be utilized in generating

45

power.

I • 2hn P2
Ps2 =

I

I

I

I
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where

P2 = PS'/'Pf
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P3 : the permeance of the flux leakage path from the centerline of

the end surface of the pole to the centerline of the adjacent

pole end surface.

This leakage flux is always present and cannot be utilized.
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When the rotor is inserted in the stator, the pole-to-pole flux that

passed through the permeance paths, Ps'f- Pf is no longer

47

I
I

I

present as leakage flux. That flux now enters the stator and

becomes useful flux.

All of the flux passing through the other pole-to-pole permeance paths

is leakage flux that cannot be utilized.

I
Pi -- in-stator leakage permeance

I
I

I

Pi = Po - P2

For convenience, the leakage permeance consisting of the sum of all

the permeance paths, through which flux leaks pole-to-pole

when the rotor is out of the stator is called Po = out-stator

I

I
|
I

permeance.

The sum of the pole-to-pole leakage permeance existing when the rotor

is installed in the stator is called the in-stator permeance (Pi)-

The permeances of the various flux paths have been calculated at this

point in the design procedure. They could be used just as they

I

I

are used in an electromagnetic generator in which ease the mag-

net characteristics would be plotted in terms of total ampere-

turns and total magnet flux. This proc_ure would require a

I special flux plot for each generatm-design.

|
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An easier way to determine the magnet performance is to use the char-

acteristic hysteresis loop as it is given by the manufacturer.

This loop is plotted in terms of ampere-turns per inch of mag-

net and flux-density per square inch of magnet.

The calculated permeances are already in terms of leakage flux per

ampere turn and if the permeances are multiplied by the mag-

net length they can be then used in terms of ampere-turns per

inch of magnet.

The leakage flux resulting from the calculation would be divided by mag-

net area to get the flux per square inch of magnet.

The calculation would look like this:

P x £ x (AT/in)

P x{ m x (AT/in)

Area of Magnet

P

Area Magnet " (_.E / in2

_'m AT/in

P - P : (_l_ / in2

Pm AT/in

Where P = _p bp
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Tim ideal permanent magnet generator might have high flux leakage in

the rotor when the rotor was out-of-stator and low flux leakage

when the rotor was inserted in the stator, except that the machine

would, in nearly all cases be capable of demagnetizing itself

when subjected to a transient or short circuit.

The two following sketches illustrate how a choice is made between

magnet materials just on the basis of the out-of-stator leakage

characteristic.

The in-stator leakage must be considered in determining whether or not

the generator can withstand short circuits and transients with-

out loss of properties.
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DESIGNING A PM GENERATOR

To start a permanent magnet generator design:

1. Assume an ampere loading of 250• That is, 250 ampere wires per

inch around the bore periphery. The symbol is A.

2. Assume an air gap density of 20 Kilolines per square inch. The

symbol is Bg.

3• The rating and speed are known so

KVA = d2_(RPM) A Bg
90 x 107

or

d = rotor diameter

- stator stack length

d2£ : 90 x 10T(KVA)
RPM A Bg

90 x 10 7 (KVA)

- RPM_250)20

.

d2__ 180 x l05 (KYA)
RPM

Assume _ 1
:_-d

d 3
Then d2J : -2-

And

d=

NOTE:

_3 KVA• 60 x 105 RPM

Any value of _ can be assumed for a trial design but

£ =-_ d is a good place to start.



,
I 5. The frequency is known and, there/ore, the poles are

I P : _-_ where

i P = No. of poles
L

i f = frequency in CPS

t N = RPM
6. A three-phase machine should have at least one (1) slot per phase

I per pole.

I Slots = q P m

Where q - slots per phase per pole

I P = Poles

m - number of phases

The slots per phase per pole, q can be an integer or can be an

improper fraction if when reduced to its lowest terms the denom-
inator can be divided into the number of poles an integral number

of times but not three (3) for a three-phase machine.

I Usually, if the q is an integer or has 2 in the denominator of the

improper fraction the design can be made satisfactorily. As an

example, if the machine has 6 poles and three phases, the total

slots Q can be written Q = P m q = 6 x 3 x 2-I/2

ffi 45 slots

53
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e Machines operating at 400 cps cannot usually have conductors much

thicker than . 100 inches in depth because of eddy currents at full

load. This is an oversimplified general statement but examination

of the eddy factor formula in the design manual will show the fac-

tors involved.

Since the conductor is usually small and the rotor speeds high in

400 cps and higher frequency generators, it is desirable to use as

many slots as can be easily punched and wound. The _more slots

there are, the less the load factor of pole face loss will be and

the less the slot leakage reactance will be.
C.

A good slot pitch to consider in a smaller 400 cps generator is
a

about . 30 inch and the minimum sl(_t pitch might be . 20 inch or

•_oC_ _._ I
Slots _- Q = _ d

.3

If this comes out satisfactorily, proceed. If not, use a smaller

slot pitch.

Example: A 6 pole generator with a 3. 0" stator bore

Q _ [f._,,(3.0) _ 10 (( = 31

I

I

I

I

I

I
i

I
I

I

I

f
I

6 x 3 x 2 : 36, so either 36 or 45 slots would probably be used.

If the winding could be more simply designed with 27 slots, that

number might be used-,_The possible combinations are:



!

!
6 x 3 x 1 = 18 T s = .523

I 6x 3x 1-1/6 = 20 "_"s = .47

I 6 x 3 x 1-1/2 = 27 _r s : .349

6 x 3 x 1-5/6 = 35 _s : "269

!

!

I 6 x 3 x 2 -- 36 c'Cs :.262

6 x 3 x 2-1/6 = 37 "_s = "254

6 x 3 x 2-1/2 = 45 "_s = -209

8. Now we have the bore area and the flux density so the theoretical

I total flux is QT = Bg x A gap = Bg _ d

55

! Then ELL fs known and the only unknown is the number of conductors

I needed

N e = effective conductors = NKp

I N = total conductors

Kp : pitch factor

60 x 105 ELL

Ne - RPM (Cw) OT

Kp =. 866 for 2/3 pitch and about . 960 for longer pitches

N conductors per slot
Ns=
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N s must be an even number if a series circuit is used because

there are two coil sides per slot in a normal winding. To make

the winding suitable for the machine, parallel windings can be used

or the number of slots can be varied as explained previously. If

these efforts do not produce a satisfactory winding combination, the

diameter of the generator can be changed and the stack length changed

also to give about the same d21.

e The slot area is a variable that is dependent upon the tooth flux.

Enough tooth must be provided to assure mechanical integrity and

to keep the flux density to about 100 K1 at 400 cps no load - less

at higher frequencies.

Make a preliminary calculation of tooth area as instructed in the

design manual and then using the number of conductors calculated

previously in step 8, size the conductors so that the current density

is acceptable. For air-cooled designs, the current density allow-

able may be 10, 000 amperes per square inch or slightly more.

For high temperature machines or poorly cooled machines, the

current density may be as low as 2000-3000 amperes per square

inch.

10. The slot size and shape is determined by the space available

between teeth, and conductor and insulation requirements. Semi-

closed slots are often wound through the opening by using small wire,
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12.

5'7

Several strands in-hand or in parallel. If only two wires per

slot are necessary push-through windings can be easily managed.

The large commercial generators are almost always made with

open slots for winding ease. Allow . 050" over the bare conductor

width for slot ce!l rand conductor insulation and about . 100" over

the vertical conductor total dimension to allow for insulation, a

center stick and a top stick.

Most of the information is now provided for the computer program

and a trial design .calculation cm] be made.

".... ),. 250.Repeat the above procedure for ampere loadlngs {*" . ,,v,,,_"m .x00.

a.r_d then fix TM_.._,e density in the gap at 25 K /in 2 and repeat the

-_, "-,-*_- the .........-i,_,: of trials again, for _ 30 K /_q2e .... LLIza:=OllS,. _)(3 _ := .

From an examination c,f the results of these ' _'__r...,., the proper

parameters can be selected.



58
P. M. GENERATOR DESIGN MANUAL I

(Q) Open Slots (b) Constant Slot Width |

I

t/I, L/!' '
!

F-b_-4 F-b_--4 " ._1

I

(C) Constont Tooth Width (d)Round Slots |

----'qb°l-I+ , ._L I

.____b2 j I

-!
FLG1

J} I



i

i
I

I
I
I

I

I
I
I

I

I
I
I
I

I

I

I

I

P. M. GENERATOR DESIGN MANUAL

TABLE - 1

59



60 P. M,

VALUES OF K:.t n

GENERATOR DESIGN MANUAL
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LOOP FOR IS 7.5
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P.M. GENERATOR DESIGN MANUAL

Calculation

Location

(78)

(46)

(89)

(85)

(20)

(128)

(125)

(14o)

(12'_)

(89)

(B9)

Symbol -

A

zl

AT

a c

acf

ap

B

B c

Bg

BT

bbo

Explanation

Ampere conductors per inch of stator

periphery

Chordal distance between outer edges

of adjacent pole magnets.

Chordal distance between inboard

edges of adjacent pole magnets.

Magnet stabilizing point. The ampere

turn value at intersection of --P° shear

Pm

line with the major hysteresis loop.

Strand area (stator)

Field conductor area

Pole area

Density

Core Density

Gap density

Pole density no load

Tooth density

Width of slot opening (damper)

Width of rectangular slot (damper

I

I

I
I

I

I
I
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P.M. GENERATOR DESIGH SHEET

STATOR ROTOR .T_TOO. PO-E

PUNCHINGi.D. SINGLE GAP. --_ Ge.

PUNCHINGO.D. ROTORDIAMETER _ --.

CORELENGTH PERIPHERAL SPEED _.

DBSx 2 POLE PITC1./

SLOTS POLE AREA ___.._

SIZE SLOTS I_AGt_ E T-

CARTERCOEFF.

TYPE WDG.

THROW

SKEW& DIST. FACT.

CHORDFACT

COND. PER SLOT

TOTAL EFF. COND.

COND. SIZE

COND. AREA

CURRENTDENSrr Y

C!_'DG.CONST.

TOTAL FLUX

GAPAREA

GAPDENSITY

POLE CONST.

FLUX PER POLE

TOOTH PITCH

TOOTH DENSITY

CORE DENSITY

GRADEOF IRON

)_MEANTURN

!RES. PER PH. ,, --

EDDY FACT. TOP

EDDY FACT. BOT.

DEMAG.FACT. CmCq

Xaq

AMP. COND. PER IN.

REACT. FACTOR

COND. PERNL

END PE_4.

LEAKACiEREACT.

AIR GAPPERM.

REACT. OF ARM Xad

It"]'. OF COPPER

Irr. OF IRON
I

NO. DAMPERBARS

BARSIZE

BAR PITCH hbo

u3

REACT-TIME CONST.

SYNCH. Xd . Xq

UNSATTRANS.

SAT.TRANS.

SUBTRANS. X_ X_q

NEG.SEQUENCE

ZERO SEQUENCE

OPENCIRC. TIME CON.

ARMTIME CON.

TRANS.TIME CON.

SUBTRANS.TIME CON.

hbOm

AIR GAPA. -r

SHQRTCIRC RATI N

% LOAD

F&W

STA.TEETE

STA. CORE

POLE FACE

D_MPER

STA 12R

FDI')Y

F_ ! nssFs

RATING

RTG+ LOSS

%EFF

STATORWATTS/I N.2

ROTORWATTS/IN.2

LOSSES-EFFIC! EHCY

MODEL NO. TYPE COOLING

_KVA, % PF. VOLTS, AMPS PH. _ _../ RPM



!

!

!

!

!

!

!

!

!

!

I

!

!

I

!

!

I

I

!



|

!

!

!

!

!

!

!

!

!

!

|
!

!

|

!

!

!

Calculation

Location

(76)

(22)

(76)

(22)

(15)

(22)

(22)

(22)

(74)

(73)

(75)

(72)

(71)

(32)

(12)

(11)

(35)

(lla)

(3)

P.M. GENERATOR DESIGN MANUAL

Symbol Explanation

bh

bo

bp
bs

by

bl

b 2

b 3

Cm

Cp

Cq

Cw

C1

C

D

d

db

dr

E

ENL

Pole head width

Width of slot opening (stator)

Pole body width

Stator slot dimension per Fig. 1

Width of duct

Stator slot dimensions per Fig. 1

Demagnetizing factor

Average/maximum field form

Cross magnetization factor

Winding constant

Ratio max. to fund

Parallel circuits

Stator outside diameter

Stator inside diameter

Diameter of bender pin

Rotor outside diameter

Line volts

Line-to-line terminal volts at no load,

rated speed
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Calculation

Location

(4)

(55)

(SO)

(IS0)

(131)

(129)

(147)

(Sa)

(69)

(59a)

(22)

(22)

(zz)

(22)

(22)

(22)

P.M. GENERATOR DESIGN MANUAL

Symbol

EFL

EpH

EF top

EF bot

Fc

Fg

Ft

F&W

f

ge

gmax

h

ho

hl

h 2

h3 r

hs

_t

hw
J

Explanation

Line-to-line terminal volts at full

load current, rated speed

Phase volts

Eddy factor top

Eddy factor bottom

Stator core ampere turns

Air gap ampere turns.

Stator tooth ampere turns

Friction and windage

Frequency

Effective air gap

Maximum air gap

Average slope of the minor hysteresis

loop

Stator slot dimension

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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Calculation

Location

(89)

(89)

(24)

(76)

(76)

(37)

(38)

(8)

(158)

(9a)

(43)

(18)

(44)

(67)

(42)

(2)

85

P. Mo GENERATOR DESIGN MANUAL

Symbol

hbo

hbl

hc

_hp

hh

hst

!

h st

IpH

ISC

K c

Kd

Ki

K s

KSK

KVA

Explanation

Height of slot opening

Rectangular bar thickness

Depth below slot

The pole body height (magnet length)

Pole head height

Uninsulated strand height

Distance between center line of strands

Phase current

Short circuit current per terminal when

all phases are solidly shorted at rated

speed.

Stator copper loss

Adjustment factor

Distribution factor

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Machine rating
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Calculation

Location

(151)

(19)

(48)

(113)

(13)

(93)

(136)

(76)

(76)

(17)

(49)

(100)

(5)

(34)

(92)

(45)

(30)

(14)

(9)

(e)

P.M. GENERATOR DESIGN MANUAL

Symbol

K 1

k

LE

L F

£
f_

A

A
Z

m

Nst

n b

n e

n S

lhr

P.F.

P

Explanation

Pole face loss factor

Watts per lb.

End extension one turn

Field self-inductance

Gross core length

Damper bar length

Coil extension straight portion

Pole head length

Pole body length

Solid core length

1/2 mean turn

Mean length of field turns

Number of phases

Strands per "conductor

Number of damper bars

Effective conductors

Conductor per slot
i

Number of ducts

Power factor

Number of poles

!

!

!

!

!

!

!

!

!

-_

I

I

I

I

I

I

I

I
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Calculation

Location

87

P.M. GENERATOR DESIGN MANUAL

Symbol

P1

P2

P3

Psl

Ps2

Pm

Pi

1"o

Pg

Explanation

Permeance of the flux leakage path from

pole side to pole side.

Permeance of the flux leakage paths from

pole head surface to pole head surface

plus the permeance of the flux leakage

path between the two adjacent pole head

edges.

Permeance of the flux leakage path

between the ends of adjacent pole magnets.

Permeance of the non-useful leakage flux

path between pole head edges or between

pole head underside.

Permeance of the flux leakage path between

end surfaces of the pole heads.

Magnet spatial permeance.

Total permeance of the rotor, in-stator

flux leakage paths.

Total permeance of the rotor, out-of-

stator flux leakage paths.

Permeance of the main air gap

Total apparent permeance of the working

air gap.

I
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Calculation

Location

(23)

(53)

(54)

(47)

(133)

(134)

(135)

(132)

(149)

(l_Z)

(157)

(171)

(150)

(170)

(148)

(98a)

(79)

(sz)

(8z)

(83)

(119)

P. M° GENERATOR DESIGN MANUAL

Symbol

Q

Rph (cold)

Rph (hot)

S S

T a

T' d

tt

T d

T

T do

Wc

WDFL

WDNL

WpFL

WpNL

WTFL

WTNL

Vr

X

Xad

Xaq

Xd

Xd

Explanation

Number of slots

Stator resistance at 20°C

Stator resistance at X°C

Stator current density

Armature time constant

Transient time constant

Subtransient time constant

Open circuit time constant

Stator core loss

Damper loss at full load

Damper loss at no load

Pole face losses at full load

Pole face loss at no load

Stator tooth loss at full load

Stator tooth loss at no load

Peripheral speed of rotor

Reactance factor

Reactance direct axis

Reactance quadrature axis

Synchronous reactance direct axis

Stator transient reactance

I

I
I

I
I

I

I
I
I

I
I

I
I

I

I

I
I

I
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Calculation

Location

(120)

(115)

(117)

(118)

(80)

(84)

(121)

(123)

(122)

(96)

(50)

I (95)
(51)

g (104)

(138)

(160)

(126)

(139)

(lS4)

(94)

89

P.M. GENERATOR DESIGN MANUAL

Symbol

X d

XDd

XDq

!

X du

X

Xq

X"q

X o

X2

XD°C

Xs°C

.2.
Fs

fF

_Z

O.zZ

_:PT

ar

"C'b

Explanation

Subtransient reactance direct axis

Leakage reactance direct axis

Leakage reactance quadrature axis

Unsaturated transient reactance

Leakage

Synchronous reactance quadrature axis

Subtransient reactance quadrature axis

Zero sequence reactance

Negative sequence reactance

Expected damper bar °C

Expected temp. stator in °C

Resistivity of damper bar at 20°C

Resistivity of stator cond. at 20°C

Resistivity of field conductor

Leakage flux at no load

Leakage flux at full load

Flux per pole

Total flux per pole at no load

Total fluc

Damper bar pitch
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Calculation

Location

(41)

(26)

(27)

(40)

(70)

(63)

(62)

P.M. GENERATOR DESIGN MANUAL

Symbol

"Us

"Us 1/3

sk

A_

Explanation

Pole pitch

Slot pitch

Slot pitch 1/3 distance from narrowest

point

Stator slot skew

Air gap permeance

End permeance

Stator conductor permeance

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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91

(i)

(2)

(3)

(4)

(5)

(5a)

(6)

(7)

(8)

(9)

R-_A

E

EpH

m

f

P

RPM

Ip H

P.m.

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

PHASE VOLTS - For 3 phase, delta connected generator

(Line Volts) _ (3)
EpH =

For 3 phase, wye connected generator

EpH = (Line Volts)= (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit
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(11)

(11a)

(12)

(13)

(14)

(15)

(16)

d

d
r

D

n
v

b
V

K i

P, Mo GENERATOR DESIGN MANUAL

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches

ROTOR PUNCHING O.D. - The outside diameter of the rotor

punching in inches

PUNCHING O.D. - The outside diameter of the stator punching

in inches

GROSS CORE LENGTH - In inches

RADIAL DUCTS - Number of

RADIAL DUCT WIDTH - In inches

STACKING FACTOR - This factor allows for the coating (core

plating) on the punchings, the burrs due to slotting,

and the deviations in flatness. Approximate values

of K i are given in Table IV.

I

I
I

I

I
I

I
I
I
I

I

I
I

I

I

I
I

I
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I

I

I

I
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I

I
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I

I

I

I

I
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(17)

(18)

4

93

THICKNESS OF
LAMINATIONS

(INCHES) GAGE Ki

•014 29 0.92

•018 26 0.93

•025 24 0.95

•028 23 0.97
• 063 -- 0.98
• 125 -- O. 99

TABLE IV

SOLID CORE LENGTH- The solid length is the gross length

times the stacking factor. If ventilating ducts are

used, their length must be subtracted from the

gross length also•

_s = (Ki) (2) - (nv) (bv) = (16) (13) - (14)(15)

MATERIAL- This input is used in selecting the proper mag-

netization curves for stator; "

yoke; pole; and shaft; when dif-

ferent materials are used. Separate spaces are"

provided on the input sheet for each section men-

tioned above. Where curves are available on card

decks, used the proper identifying code. Where

card decks are not available submit data in the

following manner:

The magnetization curve must be available on semi-

log paper. Typical curves are shown in this manual

on Curves 15 and 16. Draw straight line segments

through the curve starting with zero density. Re-

cord the coordinates of the points where the



(19)

94

k

B

straight line segments intersect. Submit these

coordinates as input data for the magnetization

curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample

6O

50

*r..6

o 40

_ 30

rJl
= 20

10

0

M ax.

Point "_ Sample
Input Data

Density NI
Straight Line

Segment

3
4
5

_rsection of 6
_----- Straight Line 7

Segments 8

I
55 Max. I

0 0
10 i. 5
27 I. 9 I
32 2.5 I
40 4. W_':_!
48 9, 0 l
55 12.0 I

ght Line
Segment

Ampere Turns Per Inch

WATTS/LB - Core loss per lb of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density used

in Item (19) to pick the watts/lb. The density that

is usually used is 77.4 kilolines/in 2.
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I

i

I

I
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I
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I
I

I

i
i

I

I

(21)

(22)

(23)

(24)

1

2

3

4

5

boj

bll

b21

b3

bs

ho

hl

h2

h3

hs

ht

hwl

Qi

h e

TYPE OF STATOR SLOT - Refer to Figure 1

for type of slot.

For (a) slot use 1. as an input

For (b) slot use 2. as an input

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT D_VIENSIONS - Given in inches per Figure 1,

Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

bs Cb,)_(l:',-).- (zz)+(z_)

STATOR SLOTS - Number of.

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.

95

7-

J
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(25)

(26)

(27)

(28)i

(29)

q

YS

Due to mechanical strength reasons, h c should

never be less than 70% of hs.

2 2

SLOTS PER POLE PER PHASE

= (Q)
q (P), (m)

= (23)
(_)(_)

STATOR SLOT PITCH

q's = )T(d) = _(II)
Q _V

STATOR SLOT PITCH - 1/3 distance up from narrowest sec-

tion. For slot Ca), (b), (c), and (e)

_1/3 = ?r_(d)+. 66(hs)] = 7/'[.(11)+ .66 (22_
• (Q) (23)

For slot (d)

_[(d) + 2(h0)+ 1.32(bs)J= I

(@
Ir[¢u)+2(22)+_.32¢_2_ [

(23) I
TYPE OF WINDING -Record whether the connection is "wye"

of "delta". For "wye" corm use 1. for input. For

"delta" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use O.

for input. For formed coils use 1: for input.

I

I

I

I

I

I

I

I

I

I
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l
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II
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I

I

I
II

(30)

(31)

(31a)

(32)

(33)

(34}

ns

¥

C

NST

97

CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space

factor of 75% to 80%. Where space factor is the

percent of the total slot area that is available for

insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPA_N_'NED - Ratio of the nm_nber

of slots spanned to the number of slots in a pole

pitch. This value must be between I.0 and 0.5 to

satisfy the limits of this program.

(y) _ (3])
= (m) (q) - (-5) (25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a

more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For



(34a)

(35)

(36)

(37)

(38)

_8

!

N ST

db

D

J<e2

hST

h ST

example, when the space available for one conductor

is .250 width x . 250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

on I}
For a more detailed explanation refer tosection

titled "Effective Resistance and Eddy Factor" in

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTOR This number

applies to the strands in depth and/or width "--_

is used in calculating the conductor area. Item

(34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

one cond_actor

DIAMETER OF BENDER PL-N - in inches - This pin is used

in forming coils. Use .25 inch for stator O.D. <, 8
inches use .50 inches for stator O.D. 7" 8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is

used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STR_ IN DEPTH

in inches.

I

I

I

I

I

I

I

I

I

I

I

I

I

r

I

I

I



(39)

(40)

(4l)

(42)

(42a)

(43)

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest

dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POL E PITCH in inches.

"T:'_:7((d) = )T'(II)
(P) (6)

SKEW FACTOR - The skew factor is the ratio of the volt-

age induced in the coils to the voltage that would

be induced if there were no skew.

When "_SK = 0, KSK = 1

V-

-'SK- _rITsK) _r_

2(_p) . 2-_
PHASE BELT ANGLE - Input

For phase belt angle = 60 ° insert 60 on input

sheet.

For phase belt angle = 120 ° insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voltage induced in the coils to the

voltage that would be induced if the windings

99

- .=P--- -.



100

were concentrated in a single slot. See Table 2

for compilation of distribution factors for the

various harmonics.

For 60 ° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

Kd =
Sin 30 ° = Sin 30 °

(q) Sin_30/(q)] (25) Sin_O/(25)]

For 60° phase belt angle and (q) / integer = N/B

reduced to lowest terms.

When (43a) = 1 and (25)/ integer = N/B reduced

to lowest terms

Sin 3OO Sin 3O°

Kd : (S) Sin[30/(N)] = (43) Sin [30/(43)]

For 120 ° phase belt angle and (q) = integer

When (43a) = 120 and (25) = integer

Kd = Sin 60 ° = Sin 60 °
2(q) Sin [30/(q)J 2(25) Sin _30/(25)]

For 120° phase belt angle and q = integer

When (43a) = 120 and (25)/ integer = N/B re-

duced to lowest terms

z d = sin 6O° = Sin 6O°

z(.) sm sm[3o/f43)]
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I

(44)

(45)

(46)

Kp

n e

a c

101

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

sin V(Y)_ __ o_Kp -- L___ x 90 = sin X 90

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q) (ns) (KP) (KsK) (23)(30)(44)(42)

e (C) (32)

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

If (39) = 0 then a c =. 25_T(Dia) 2 =. 25ff(33) 2

If (39) /g 0 then a c = (N'ST) [(strand width) (strand

depth)- (.858 rc2:_ = (34a)__(33)(39)- (.858rc2)_

where . 858 rc 2 is obtained from Table V below.

09)
.050

(33) . lab • 189 (33) .75 (33) . '751

• 000124 • 000124 . 000124

. 072 . 000210 . 000124 . 000124

• 125 • 000210 .00084 .000124

.00084 .003350.165 .000840

• 225 .001890 .00189 .003350

.438 -- .00335 .007540

.688 -- .00754 .01340

.... • 03020 .03020

TABLE V
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(47)

(48)

(49)

(50)

SS

LE

_t

Xs°D

CURRENT DENSITY -Amperes per square inch of stator

END EXTENSION LENGTH

When (29)

LE=.5+KTV(¥)_d)+(hsj

When (29) = 1. then:

=2

I/2 MEAN TURN

STATOR TEMP °C

I

I

conductor I

ENSION LEI_ T:-I in inches - Can be an input or I

output, i
For L E to be output, insert 0. on input sheet. L

For LE to be input, calculate per following: I
= 0. then:

+h [1 3If (6) = 2
_-KTT/'(Y)_d) (s)_ = 5+1i".5 If (6) = _(31)_11)+(22)_ I

------A---------- " I1.7 If (6) 4]
"_ __(_3T----- |

= 1. then: I

E -] F T_ q

[ TURN - The avera_,e length of one conductor in

inches.

_t = (_) + (LE) = (13) + (44) I

£EMP °C - Input temp at which F.L. losses will I

be calculated. No load losses and cold resistance

will be calculated at 20°C. I

I

I



I

I

I

I

I

I

I

(51)

(52)

(53)

(54)

(55)

p
S

(hot)

RSPH

(cold

RSPH

(hot)

EF

(top)
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RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table Vl for conversion to

ohm-inches.

ohm-cir

j0 ohm-cm ohm-in inil/ft

6. 015 x 1061 ohm-cm =

1 ohm-in =

1 ohm-cir mil/ft =

1. 000

2. 540

1.662 x 10 -7

0.3937

1.000

6.545 x 10 -8

1.528 x 107

1.000

TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches

J_S(hot) = (4)L_ "' 254.5 _J=

STATOR RESISTANCE/PHASE - Cold @

RSPH(cold ) = (/_s)(ns)(Q)(_t)

(ml(ac)(C)2

50) + 234.5 _

254.5 _J

20°C in ohms

.. x 10-6 = (5!)(30)(23)(49)xj_e

(5)(46)(32)2

STATOR RESISTANCE/PHASE -Calcfllated @ X°C in ohms

RSPH(hot ) = (_s hot)(ns)_Q)_t ) x I0-6(52)(30)(23)(49) _1o-¢

(m)(a c )(C )2 (5)(46)(32 )2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-

culate this value at the expected operating tem-

perature of the machine. For round wire

EFto p = 1



(56)

(57)
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EF

(bot)

btm

EDDY FACTOR BOTTOM - The eddy factor of the bottom

coil at the expected operating temperature of the

machine. For round wire EF(bot ) = i

EF(bot ) = (EF(top)) - 1. 677 Lc_?(_s_ot) j x ,0-3

_v)(___3o)(____)(4_]
= (55) - i. 677 [._(22)(52) --_ 10-3

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d)and (e), Figure I

btm = (Q) (bs)- (2:3) - (22)



I

|

I
I

I
I

I
I

I
I

I

I
I

I
I

I
I

I

(57a)

(58)

bt 1/3

bt

M. GENERATOR DESIGN MANUAL
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STATOR TOOTH WIDTH 1/3 distance up from narrowest section

For slots type (a), (b) and (e)

bt 1/3 = (Ts 1/3 ) - (bs) = (27) - (22)

For slot type (c)

bt 1/3 = btm = (57)

For slot type (d)

bt 1/3 = (T1/3) 2_ (bs)= (27) - .94(22)

TOOTH WIDTH AT STATOR I.D. in inches -

For partially closed slot

bt = _- b0 = _- (22)

For open slot

bt =-_- bs = _- (22)
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(59)

(59a)

(60)

(61)

(62)

gmin

gm3,x

C x

Xx

P. Mo GENERATOR DESIGN MANUAL

MINIMUM AIR GAP in inches - For concentric pole face

gmin = gmax" For non concentric pole face

groin = gap at the center of the pole.

MAXIMUM AIR GAP in inches

l

I
I

REDUCTION FACTOR - Used in calculating conductor permeance

and is dependent on the pitch and distribution factor.

This factor can be obtained from Graph 1 with an as-

sumed K d of . 955 or calculated as shown

(_:) (61)

cX = (Kp)2 (Kd)2- (44)2(43)z

NOTE: See special case for (e) slot refered to

calculation (62)

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current in

coil sides in same slot

=_- +1

For 3 phase

(Y) For 2 phase
KX = (m)(q)

(31)

(5)(25)

NOTE: See special case for (e) slot. Refer to calcu-

lation (62)

I
I

I

I
I
l

I

I

l
l
I

I
CONDUCTOR PERMEANCE - The specific permeance for the

portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration

of the slot.
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I

I

I

I

I
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I

I

I
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I

I

I

I

I

I

I
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(a) For open slots

2O

_i = (Cx)
(bt)2 •35(bt_

+ i6(Ts)(g)+ (Ts) _J

_i (60) 20= (5)(25) (22) (58)2 .35(5_+ 3-_ + 16(26)(59) + (26)J

(b) For partially closed slots with constant slot width

20 fiho)

_ - (Cx)_-_[_-0_

_'i = (60) 20 _22)

(5)(25)

(d) For round slots

2(ht) (hw) (h1) (bt)2

+ _o)+ _s)+ _ +_ + 16(Ts)(g)+
• 35(bt) _

2(22)+ (22)+ (22) +

(22) (58)2

+ 3-_ + 16(26)(59) +

.35(58)_

(26) j

3,

= _ 62 +

(e) For open slots with a winding of "one conductor per slot

_i = (cx) + y(b-_+ .6+ +

20 _22) t22_ (59) (26)_
,-t_j

x'=

(Kx) = 1
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(63)

(64)

(65)

{66)

{67)

K_

_A E

Ks

LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)

KE = Value (LE) from Graph 1 (For machines where (11)>8"

where L E = (48) and abscisa of Graph 1 - (Y)(_s) -- (31)(26) I

=_alculated value of (LE) (For machines where (11)<8") I

KE _Value (LE)from Graph 1

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

">E- (Z)(Kd)2_ _ ]J- (13)(43)2L2n_J

i
The term | 2n | is obtained from Graph 1.

,...J

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol origin is included on Graph I.

WEIGHT OF COPPER - The weight of stator copper in lbs.

I

I
I

#'s copper = .321(ns)(Q)(ac) (t) = .321(30)(23)(46)(49)

WEIGHT OF STATOR IRON -in lbs.

#'S iron =
.283 {(btm)(Q)(_s)(hs) + 1T_)- (hc)_ (hc)(_s}

.283 _57)(23)(17)(22)+7_ (_2)- (24_ (24)(17)_

CARTER COEFFICIENT

(For open slots)

I
I

I
I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

(68)

(69)

(70)

(Tz)

ge

C 1
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(26)5(59)+ (22L_'
KS- (26)!_(_9)÷ (22)1- (22)2

"_s E-44(g) + -750)o) _

_- _ E'"_)+"_o)-I- _of

(26)_.44(_9)÷. 7_(22)-]
K s ffi

(26) 5" 44(59) +. 75(22)-] - (22) 2

(For partially closed slots)

AIR GAP AREA - The area of the gap surface at the stator bore

Gap Area = Tr(d)(Z) = 77(11)(13)

EFFECTIVE AIR GAP

ge = (Ks)(g) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air gap

6.38(d) 6.38(11)

_a = (P)(ge) = (6)(69)

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form - This term

can be an input or output. For C 1 to be output insert

0. on input sheet. For C I to be input, determine C I

as follows:

For pole heads with only one radius, C 1 is obtained

from curve #4. The abscisa is "pole embrace" (cc)

ffi (/7). The graphical flux plotting method of deter-

mini M C 1 is explained in the section titled "Deriva-

tions" in the Appendix.
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(72)

(73)

(74)

Cw

Cp

C M

I
WINDING CONSTANT - The ratio of the RMS line voltage for a •

full pitched winding to that which would be introduced |
$

in all the conductors in series if the density were

uniform and equal to the maximum value. This value |

can be an input or output. For C W to be an output,

insert 0. on input sheet. For C W to be an input, cal- |
Iculate as follows:

CW
(E)(C 1)(Kd) (3)(71)(43)

_" (EpH) (m) _" (4)(5)

Assuming Kd = . 955, then C W = . 225 C 1 for three

phase delta machines and C W =. 390 C 1 for three

phase star machines.

POLE CONSTANT o The ratio of the average to the maximum

value of the field form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input _

sheet. For Cp to be an input, determine as follows_-_

For pole heads with more than one radius Cp is cal-

culated from the same field form that was used to

determine C 1' and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

curve #4. Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C M to be an output, insert

0. on input sheet. For C M to be an input, determine

as follows:

I

!

I

I

I

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

l

l

I

(75)

(76)

{77)

C
q

OC

P M. GENERATOR DESIGN MANUAL Iii

(oc)TT+ sin_(cc)TF7 (77)77"+ sin_(77)1T_

C M -
4 sinE(a:) W/2] 4 sin [(77) W/'2__

., C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For C q to bean output, in-

sert 0. on input sheet. For Cq to be an input, deter-

mine as follows:

Cq- t
4 sin,(m) TF/2_ VAL,o vcP.

COl_Cf= N TI_IC

PO LE S.

1/2 cos E (77) 77/2"]+ (77)77- sin_(77)TT_

: 4 sinl-(77)_/2]

Cq can also be obtained from curve 9.

POLE DIMENSIONSLOCA_ONS per Figure 2

Where:

b h = width of pole head

b = width of pole body

hh = height of pole head at center

Jp = length of pole body Fig. 2

_h = length of pole head

all dimensions in inches

POLE EMBRACE

I
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}

(78)

(79)

(8))

A

X

I
AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor I

indicates the "specific loading" of the machine. Its

value will increase with the rating and size of the I
machine and also will increase with the number of

poles. It will decrease with increases in voltage or I

frequency. A is generally higher in single phase

machines than in polyphase ones. I

(IpH)(ns)(K P)
A = (8)(30)(44)

(C)(_rs) = (32)(26) I

REACTANCE FACTOR - The reactance factor is the quantity by I

which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance I

for unit specific permeance, or the percent of normal

voltage induced by a fundamental flux per pole per I

inch numerically equal to the fundamental armature

ampere turns at rated current. Specific permeance I

is defined as the average flux per pole per inch of

core length produced by unit ampere turns per pole. I

100(A) (Kd) 100 (78)(43)
X- - I

"42"(C1) (B g) x 103 _ (71)(125) x 103

I
I

LEAKAGE REACTANCE - The leakage reactance of the stator

for steady state conditions. When (5) = 3, calculate

as follows:

In the case of two phase machines a component due I

to belt leakage must be included in the stator leakage

reactance. This component is due to the harmonics I



I

I

I

I

I

!

!

I

I

I

I

I

I

I

I

(85)

J
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caused by the concentration of the MMF into

a small number of phase belts per pole m_d

is negligible for three phase machines. When

(5) - 2, calculate as follows:

0.1(d) l__ L_,-.,,,'o__j / 0.1(11)1 t_ ''_'_''-J /

= X[{_ i) + (_E) + (},B) ] where _B = 0 for 3 phase machines.xl

xz -- _9)_(62) + )64)+ (8o)]

POLE AREA - The net cross-sectional area of the pole.

: (_)(_) : (76)(76)(16)
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(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)

hbl

n b

XD°C

DAMPER SLOT DIMENSIONS

bbo - width of slot opening

hbo - height of slot opening

h b - diameter of round slot

: i

hbl - height of bar section of slot

!

I

bbl - width of rectangular slot

DAMPER BAR DIA OR WIDTH in inches

DAMPER BAR THICKNESS in inches - Damper bar thick-

ness considered equal to damper bar slot

height (h b ) per Item (89). Set this item _ 0

for round bar.

NUMBER OF DAMPER BARS PER POLE

DAMPER BAR LENGTH in inches

DAMPER BAR PITCH in inches

RESISTIVITY of damper bar @ 20°C in ohm-inches - :"

Refer to table given in Item (51) for conver-

sion factors.

DAMPER BAR TEMP °C - Input temp at which damper

losses are to be calculated.
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I
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I

(97)

(98)

(109)

P
D

(hot)

acd
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RESISTIVITY OF DAMPER BAR @ XD°C

--}OD (hot) : j,ufP_') (XD°C) 234. 5 : (95) (96) 234. 5
254. 5 254. 5

CONDUCTOR AREA OF DAMPER BAR - Calculate same

as stator conductor area

At (46) except substitute _ (91) for (39)

!

(,(90) for (33)

If (91) : 0

acd : . 25 _ (damper bar dia) 2 : . 25/=7"(90) 2

if (91) / 0

acd = (hbl) (damper bar width) - (91)(90)

PERMEANCE OF DAMPER BAR - The permeance of that

portion of the damper bar that is embedded in

pole iron.

For round slot

/_ b- 6" 38 _(_ t" 62 "4"" 5_ - 6.38_'_-.62_-.5_

For rectangular slot

b : 6.38 _ 3(bbl) t
= 6.38

_(_89).. t. (89)

3(89) o5.._

._=.._._-=
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(114) _ Dd

(115) XDd

(116) /_
Dq

I
I

(117)! XDq

PERMEANCE OF END PORTION OF DAMPER BARS

= 6.38((bh) - (Tb)3(ge)[(nb) - 1] i

=6"38_ 76)- (94) [(92)-3(69) 1] 1

I

I
I

PERMEANCE OF DAMPER BAR - in direct axis I

I: '+ _(+) JJ L _b+_ +_F 3
I

_92) ;(+_94)]) ]_(109,+ (110)_ (III)'_= os _(109) + (II0)' (111)j I

DAMPER LEAKAGE REACTANCE- in direct axis

XDd = X_Dd)= (79)(114)

PERMEANCE IN QUADRATURE AXIS

For round slot

- -m_L_ + .62 + .5 +

For rectangular slot

20(_'b) F(hbo)(hbl) @];'_m>:_L_ +_ +"++

=-m_L_m ++-+m+ .5+

DAMPER LEAKAGE REACTANCE - in quadrature axis

XDq = X(_-Dq) = (79)(116)
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I

I

(12o)

(124)

(125)

(126)

(12'i')

_y

Xd

0T

_p

SUBTRANSIENT REACTANCE in direct axis

When damper bars exist, i.e. when (92) _ 0

X d : (XA_)_- (XDd) : (80) t (115)

When no damper bars exist, i.e. when (92) = 0

" X' d d )Xd=( ):iX

TOTAL FLUX IN KILOLINES

6(E)106

l_ T _ (Cw)(ne)(RPM)

- 6(3)106

(72)(45)(17)

GAP DENSITY in Kilolines/in 2 - The maximum flux

density in the air gap

(OT) (124)

Bg :_(d)(_) =.7T(11)(13)

FLUX PER POLE in Kilolines

O{p_ (0T)(CP) _ (124)(73)
(P) (6)

TOOTH DENSITY in Kilolines/in 2 - The flux density in

the stator tooth at 1/3 of the distance from

the minimum section.

0W (124)

Bt = x ,tZs,x_'Q"d"*" 1/3) = (23)(17)(57a)

117
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(128)

(129)

(130)

(130a)

(131)

S C

FT

F c

F S

Fg

CORE DENSITY in Kilolines/in 2 - The flux density in the

stator core I

((_p) (126)

B c _- 2(hc)(_s ) =

STATOR TOOTH AMPERE TURNS

i
= (22) 5ook up on stator magnetization curve given 1

in (18) @ density (127)_

1
STATOR CORE AMPERE TURNS

F
C =L 4(i,) _]

--ETEI_tXt_) (24)]_ FLook-, p on stator magnetization curve_
Lgiven in (18) @ density (128) i

STATOR AMPERE TURNS, total

F s : (F T) 9-(F c) : (129) _-(130)

AIR GAP AMPERE TURNS - The field ampere turns per

pole required to force flux across the air gap

when operating at no load with rated voltage.

Fg : (Bg)(ge) _ (125)(69)
3.19 3. 19
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(147)

(148)

F&W

WTNL
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FRICTION & WINDAGE LOSS - There is no known cal-

culation method that will give accurate results

for this loss. The best results are obtained

by using existing data. For ratioing pro'poses,

the loss can be assumed to vary approximately

as the 5/2 power of the rotor diameter and

as the 3/2 power of the RPM. When no

existing data is available, the following cal-

culation can be used for an approximate

answer. Insert 0. when computer is to cal-

culate F&W. Insert actual F&W when avail-

able. Use same value for all load conditions.

F & W = 2.52 x 10 -6 (dr)2" 5 (_h) (RPM) 1"5

= 2.52 x 10 -6 (11a)2"5 (76) (7)1"5

STATOR TEETH LOSS - at no load. The no load loss

(WTNL) consists of eddy current and hys-

teresis losses in the iron. For a given

frequency the no load tooth loss will vary

as the square of the flux density.
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(149)

(15o)

W c

WNPL

I

I
WTN L = . 453(b t 1/3)(Q)(ls)(hs)(K _

453(57a)(23)(17)(22)(148) I

2 .. (19) __2 I
Where KQ = (k)E_ I

STATOR CORE LOSS - The stator core losses are due to eddy
_a

currents and hysteresis and do not change under lo_

conditions. For a given frequency the core loss will

!vary as the square of the flux density (Bc).

W c = 1.42 E(D) - (he)- 1 (hc)(_s)(Kq)

= I. 42 _12) - (24)'_ (24)(17)(149)

Where KQ = (k) -- (19)

I
l
I

POLE FACE LOSS - at no load. The pole surface losses are I

due to slot ripple caused by the stator slots. They

depend upon the width of the stator slot opening, th 1

air gap, and the stator slot ripple frequency. The no

load pole face loss (WpNL) can be obtained from I

Graph 2. Graph 2 is plotted on the bases of open

slots. In order to apply this curve to partially open !I

slots, substitute b ° for b s. For a better understand-

ing of Graph 2, use the following sample. I

K 1 as given on Graph 2 is derived empirically and

depends on lamination material and thickness. ThosJ

values given on Graph 2 have been used with succes l
K 1 is an input and must be specified. See item (151)

for values of K 1. I
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(15o) (Cont.)
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K2 is shown as being plotted as a function of (BG)2" 5.

Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indi-

cates that for a solid line (.___._), the factor is read

from the left scale, and for a broken or dashed line

(____ .. _ _), the right scale should be read. For

example, find K2 when B G = 30 kilo lines. First lo-

cate 30 on upper scale. Read down to the intersection

of solid line plot of K2 = f(BG)2" 5. At this intersec-

tion read the left scale for K2. K2 = . 28. Also refer

to item (152) for K2 calculations.

K3 is shown as a solid line plot as a function of

(FsLT)I. 65. The note on this plot indicates that the

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K3 when FSL T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K3 =
1.65

f(FsLT) . At this intersection read the left scale

for K3. K3 = I. 35. Also refer to item (153)for K3

calculations.

For K 4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to item (154) for K4 calculations.

For K5 use bottom scale and substitute b o for b s w_n

using partially closed slot. Read left scale when using

solid plot. Use right scale when using dashed plot.

Also refer to item (155) for K5 calculations.
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(15o)

(151)

(152)

(153)

(Cont.)

K 1

r_

For K 6 use the scale attached for C 1 and read K 6

from left scale. Also refer to item (156) for K 6

calculations.

The above factors (K2) , (K3), (K4), (Ks), (K 6) can

also be calculated as shown in (152), (153), (154),

(155), (156), respectively.

WpN L = _'(d)(Z)(K 1)(K2)(K 3)(K4)(K5)(K 6)

7/'(11)(13)(151)(152)(153)(154)(155)(156)

K 1 is derived empirically and depends on lamination material

KI=

and thickness. The values used successfully forK 1

are shown on Graph 2. They are

1.17 for . 028 lam thickness, low carbon steel

= 1.75 for . 063 lam thickness, low carbon steel

--3.5

=7.0

for . 125 lam thickness, low carbon steel

for solid core

K 1 is an input and must be specified on input sheet.

K 2 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows:

K 2 = f(BG) = 6.1 x 10 -5 (BG)2"5

= 6.1 x I0 -5 (125) 2"5

K 3 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows:

K 3 = f(FsLT) = 1.5147 x 10 -5 (FsLT)1"65

: 1.514/x 10 -5 (153) 1"65

Where FSL T = _ (Q)

I

I
l

I
I

I

I
I

I
I

I

I
I

I

I

- _ c_ I
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(154)

(155)

K4

K5
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K 4 can be obtained from Graph 2 (see item (150) for explanation

of Graph 2) or it can be calculated as follows:

9
For _s = "

K4 = f(T s) = .81(T,s )1"285

= . 81(26) 1"285

For .9 _- _s_= 2.0

K4 = f(Ts) = .79(7-s )1"145

= . 79(26)1. 145

For Ts72.0

Ks = f(Ts) -. 92(_s)"79

= . 92(26)" 79

K5 can be obtained from Graph 2 (see item (150) for explanation _

of Graph 2) or it can be calculated as follows:

For (b s) / (g) _=1.7

KS_ f(bs/g) = .3E(bs)/(g)_2.31

for bNOTE: For _y open slots substitute b
O

in equations shown.

For I. 7,(bs) / (g)_= 3

S

I
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(156) K_

(157) WDN L

I

For 3 _ (bs) / (g) _= 5 I

K 6 can be obtained from Graph 2 (see item (150) for explanation I

of Graph 2) or it can be calculated as follows: I

K6 = f(C1) = 10_'9323(C1)- 1.60596] I

- 10 E 9323(71) - 1. 60596] I
DAMPER LOSS - at no load at 20°C. This loss is produced by I

slot ripple in the damper winding. At no load this I

loss is calculated from curves 7 and 8. I

I
1.2460P)(nb)(./b)(PD ) _ 2

"DNL = (acr) x 103 _'Fs)(Bg)(Kp1)(Kg)] I

+_,,.,r- <'<w,>]"] I

WDNL = 1" 246(6)(92)(?)(95) _26)(125)(15'I)(151)-! 2 I
(98) x 10- _- --"
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I

I

i

I

I

l

I

I
|

(157) (Cont.)
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Where Kp1 = 1 -

1
1-

Y1+E(22)/2(_9)J2

NOTE: Substitute b for b
0 S

st_tor slot is used.

when partially opened

Kp1 can also be obtained from curve 7 where abscissa

is (bs) / (g) or (bo) / (g) = (22) / (59)

Where Kg = (Ks)= (67)

t

Where g ffi (Kg)(g)ffi (157)(59)

Where K_I & Kf2 are obtained from curve 7

Where the abscissa is S 1 or S 2

Where fs1 = 2qmf : 2(25)(5)(5a)

's2 _ 2('sl)

Where KW1 and KW2 are obtained from curve 8.

where the abscissa is Cos)/('_s) for open slots or

(%)/ (_) forse_-enc,o_d _,_s (%)/ (%) =
(22)/ (26)
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(159) TOTAL LOSSES - at no load. Sum of all losses

Total losses - (F&W)

(Stator Core Loss)

(Damper Loss)

= (146) (147) (148)

(Stator Teeth Loss)

(Pole Face Loss)
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NOTE:

(149) .(150) (157)

The output sheet shows the next items to be:

(Rating), (Rating Losses), (% Losses), (%

Efficiency). These items do not apply to the

no load calculation since the rating is zero.

Refer to Items (175), (176), (177), (178) for

these calculations under load.

Iten_(138) through (159) have been calculated for 0(7o

load or no load. They should all be repeated now for

100% load.
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(157)

(158)

(158a)

(cont.)

I2R

Where _I is obtained from curve 8

' (89)
Where the abscissa is (bbo) /(g ) =

When 91 = 0 or when (90) = (91)

.75 .75
_,, ffi _ = For round or square slots

I

I

I

I
When 91 _ 0 and when (90) _ (91)

(hbl) (91)

_'C = 3(bbl)(Kfl) = 3(89)(157)

(%) ÷ (_t)÷ (_c)
Where_s=

= _-_+ (157) + (157) I

Where/_g =7"b =('_ I
g

Where K_I and %2 are obtained from curve 8

Where the abscissa is (Tb) / (%) = (94) / (26)

STATOR I2R - at no load. This item = 0. Refer to item (173)

for 100% load stator I2R.

EDDY LOSS - at no load. This item = 0.

for I00_ load eddy loss.

Refer to item (173a)
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P1 = Permeance of the flux leakage path from pole-side to pole-side.

a2__ _ _-- al_a2_ 7

For the poles that do not touch at the base

P1 = 3.19_C L or

P1 - P _p for a 2 : 0

P2 : Permeance of the flux leakage paths from pole-head surface to

pole-head surface and between adjacent pole head edges. This

flux leakage is out-stator leakage that becomes useful flux when

the rotor is installed in the stator.

P2" 1. 66 {I -I-1.23 _ 1 2o/, )

!
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P3 : Permeance of the flux leakage path between the ends of adjacent

pole magnets.

P3 : hp (1.66) _ I. 23 _ a I

p_

Psl : Permeance of the flux leakage path between pole head edges and

is for that portion of the leakage flux that still exists when the

rotor is in the stator. It is between pole head undersides in

some cases and pole edges in other cases. It is approximated

as being edge to edge in the general case.

6.38 h h _7p
Psl :

C-_r-b p

Ps2 - Permeance of the flux leakage path between the end surfaces of

the pole heads.

2 h h P2

Ps2 - .L_p

Pm = Adjustment factor to convert the permeance values to the proper

scale for use in the general hysteresis loop.

magnet area (net)
Pm : magnet length

Where C is a factor to account for holes or otherwise unaccount-

able discrepancies in magnet performance.

I

I

I

I
I
l

I

I
I
l

I
I

I
I

I

I

I

I
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Pi : Permeance of the in-stator leakage flux.

Pi - Psl "_- Ps2 "+'PI "i-P3

Po : Permeance of the out-stator leakage flux.

Po - Pi 9- P2

Pg - Air-gap permeance.

Cp ]
: 3. 19

2 ge P

:.785 _a Cp

Po

Pm
- Slope of the out-stator permeance shear line

Pi

Pm
Slope of the in-stator permeance shear line

Pw - Total apparent permeance of the working air gap. The total per-

meance of the magnet flux paths when the rotor is in the stator.

Pw : Pi _" Pg

Pw
- Slope of the working-gap shear line.

Pm
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A T

ENL

The ampere-tram/inch of magnet value corresponding to

Po
the intersection of the shear Iine_m m with the

major hysteresis loop of the permanent magnet

!

!

!
material.

Tb.is value A T locates the lower end of the minor hysteresi I

loop and determines the maximum demagnetizing

mmf that the magnet can endure without some i

loss of magnetic properties• Several curves

of AT versus out-stator shear line values Po
Pm

are given in Carves 17, 18 and 19.

The no load voltage produced by the unregulated PM gen-

erator at rated speed• I

I

I

Bu _- magnet flux density calculated for E rated NL.

• 45 I N e C m K dFdm =
P
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EFL
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I = Rated Amperes

Fdm

Hd| : hp

A 1 = AT %

EFL/p h 0. PF = ENL/ph L_ -_- Iph h "t'J_

_x-A l-Hdl_-7

is c = ENL/ph __._

Rt J)_t

X d - ENL/ph
Isc

ohms

Xd ohms

Xdph- Eph/Iph

The voltage supplied to the load at rated current, rated

speed, and at a specified power factor.

EFL = ENL - I (X d sin 0pF_-Rph cos {}PF)

Where X d = ohms/phase




